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SUMMARY 


This  report  documents  the  technical  effort  on  Contract 
P30602-7^-C-02^2 .  It  presents  the  results  of  an  investigation 
of  real  time,  nonsampling,  Same -Frequency  Repeater  (SFR)  concepts 
for  various  types  of  analog  and  digital  signals  using  coherent 
interference  cancellation  techniques. 

The  report  presents  an  analytical  investigation  of  the 
trr nsmitter-to-receiver  isolation  achievable  with  a  multichannel 
interference  cancellation  system  (ICS)  when  the  repeater  is  used 
with  a  finite  bandwidth  antenna  in  an  environment  which  includes 
random  ground  clutter  and  specular  reflectors.  Results  of  an 
investigation  for  obtaining  high  linearity  in  the  interference 
canceller  for  low  intermodulation  generation  in  the  SFR  are  also 
summarized . 

A  design  for  a  Same-Frequency  Repeater  breadboard  model 
is  presented  that  incorporates  the  multichannel  interference 
cancellation  system.  The  breadboard  operates  at  291  MHz  with 
a  bandwidth  of  100  kHz  and  allows  forward  gain  up  to  120  dB  to 
be  tested.  The  minimum  input  signal  level  is  -90  dBm,  with  a 
dynamic  range  of  60  dB,  for  which  the  repeater  will  generate. a 
1  watt  output  using  an  AGC . 

Experimental  results  are  presented  which  verify  the 
design  concepts  on  which  the  SFR  breadboard  is  predicated.  They 
also  snow  areas  where  further  work  is  needed  to  utilize  the  full 
forward  gain  potential  of  the  breadboard.  These  areas  Include 
elimination  of  stray  coupling  problems  between  the  SFR  trans¬ 
mitter  and  receiver,  and  modification  to  the  multichannel  ICS 
which  will  allow  It  to  operate  effectively  with  a  100  kHz  wide 
signal.  In  the  present  configuration,  forward  gains  up  to  67  dB 
have  been  measured  In  the  laboratory.  With  the  Incorporation  of 
the  suggested  modifications,  forward  gain  capability  in  excess 
of  102  dB  is  anticipated.  Further  performance  refinements  may 
then  be  possible  to  push  the  forward  gain  capability  to  120  dB. 
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SECTION  I 


INTRODUCTION 


This  report  documents  the  technical  effort  on  Contract 
F30602-74-C-0242 .  It>presents  the  results  of  an  investigation 
of  real  time,  nonsampling.  Same -Frequency  Repeater  (SFR)  con¬ 
cepts  for  various  types  of  analog  and  digital  signals  using 
coherent  interference  cancellation  techniques. 


The  analytical  results  presented  here  will  develop  the 
concept  of  a  pilot-directed  multichannel  notch  filter  interfer¬ 
ence  cancellation  system  (ICS)  to  provide  isolation  between  the 
repeater  transmitter  and  its  receiver.  The  isolation  capability 
of  the  ICS  will  be  analyzed  to  determine  the  effects  of  signal 
returns  from  the  SFR  antenna,  from  specular  reflectors,  and  from 
distributed  ground  clutter.  The  results  will  be  given  as  func¬ 
tions  of  signal  bandwidth  and  carrier  frequency  as  well  as  other 
design  parameters  of  the  ICS.  Also  x*\  elided 

Results  of  a  hardware  investigation  of  approaches  for 
obtaining  low  signal  distortion  in  the  ICS  complex  weight  3. 1 
also  be  presented.  Inband  distortion  products  generated  In  thf 
weights  cannot  be  cancelled,  and  thus  form  a  lower  limit  on  the 
achievable  ICS  cancellation  residue. 


Ln  SFR  breadboard  design? will  bo  presented  which  ir.ser-- 
porates  a  pilot-directed  three-c  flannel  notch  filter  ICS  to  pre- 
vide  the  transmitter-to-receiver  isolation.  The  breadboard  is 
designed  to  operate  at  291  MHz  with  a  100  kHz  bandwidth,  providing 
a  1  watt  output  with  the  capability  for  testing  forward  gain 
to  120  dD,  .  ...  - - - - 


V/ 

^Experimental  result s^ill  be  presented  which  verify  the  . 
design  concepts  on  whioh  the  <§FR  breadboard  is  predicated.  They 
also  show  areas  where  further  work  is  needed  to  utilize  the  full 
forward  gain  potential  of  the  breadboard.  The  areas  requiring 
further  work  will  be  discussed  in  some  detail, 


SECTION  II 


MULTICHANNEL  NOTCH  FILTER  ICS 


1.  MULTICHANNEL  ICS  ANALYSIS 

In  this  section  the  concept  of  a  multichannel  notch- 
filter  ICS  is  developed  in  subsection  a.  In  subsection  b,  a  de¬ 
tailed  analysis  is  performed  to  determine  the  performance  of  a 
one-channel  and  a  two-channel  ICS  under  general  transmitter-to- 
receiver  coupling  conditions.  These  analytical  results  are  ap¬ 
plied  to  the  case  of  reflecting  terrain  in  subsection  c  and  to  the 
case  of  antenna  reflections  in  subsection  d.  Subsection  e  pre¬ 
sents  numerical  examples  using  the  analytical  results.  Subsec¬ 
tion  f  presents  a  discuss  of  the  results  —  their  implications 
and  .their  extensions. 

The  purpose'  of  the  ICS  in  the  SFR  design  1  s  to  cancel 
signals  at  the  receiver  input  that  emanate  from  tne  SFR  trans-. 
mitter.  The  signals  from  the  transmitter  are  coupled  to  the 
receiver  through  a  number  of  different  coupling  paths,  including 
leakage  through  the  antenna  coupler,  reflection  from  the  antenna, 
and  reflection  from  the  surrounding  terrain.  A  single  channel 
ICS,  shown  in  Figure  1,  uses  a  complex  (amplitude  and  phase) 
weight  to  duplicate  as  well  as  possible  the  amplitude  and  phase 
of  the  composite  coupling  path. 

Because  the  coupling  paths  have  frequency-dependent 
transfer  functions  (e.g.,  the  antenna,  reflected  returns  with 
delay  due  to  propagation  distance),  the  amplitude  and  phase  set¬ 
ting  is  precise  at  only  one  frequency.  Thus,  perfect  cancella¬ 
tion  is  possible  at  only  one  frequency.  Broadband  signals  are 
cancelled  well  at  band  center,  and  progressively  worse  toward 
the  band  edges.  This  effect  places  a  bandwidth  limitation  on 
achievable  cancellation  which  may  be  quite  severe  for  a  single¬ 
channel  ICS.  As  an  illustration.  Figure  2  shows  the  achievable 
cancellation  ratio  with  a  single-channel  ICS  used  in  a  two-r- 
element  adaptive  array  [1],  where  the  antenna  spacing  produces 

DT  Abrams,  B.S.,  it  al ,  ’’Interference  Cancellation,"  General 
Atronics  Rpt  2324-2626-15 ,  prepared  for  Rome  Air  Development 
Center  under  Contract  F30t J2-72-C-0459,  August  1973. 

[2]  Rosenberg,  J.R.,  E.J,  Thomas,  "Performance  of  an  Adaptive 
Echo  Canceller  Operating  in  a  Noisy,  Linear,  Time-Invariant 
Environment,"  BSTJ ,  vol.  50, no.  3»  March  1971,  pp.  785-813. 

L3]  Sandhi,  M.M.,  "An  Adaptive  Echo  Canceller,’’  BSTJ ,  vol.  46, 
no.  3,  March  1967,  pp.  497-511. 

[4]  Becker, F.K.,  H.R.  Rudin,  "Application  of  Automatic  Transver¬ 
sal  Filters  to  the  Problem  of  Echo  Suppression,"  BSTJ ,  vol.  45, 
no.  12,  December  1966,  pp.  1847-1850, 

C5!l  Sandhi,  M.M.,  A.J.  Preati,  "A  Self-Adaptive  Echo  Canceller," 
BSTJ ,  vol.  4-3,  no.  12,  December  1966,  pp.  1851-1854. 


REFERENCE  1  COMPLEX 

INPUT  r=S  ^  WEiGHT' 


FIGURE  ? 

GENERAL  MULTICHANNEL  ICS 


a  delay  (frequency-dependent  phase  Bhift)  between  the  two  ICS 
inputs. 


Multichannel  ICS  configurations  have  been  used  to  pro¬ 
vide  good  broadband  cancellation  performance.  The  structure  of 
the  multichannel  ICS  used  in  the  SFR  is  given  in  Figure  3.  Each 
weight  is  preceded  by  a  frequency  shaping  network,  and  generally 
each  network  is  unique.  This  general  structure  has  been  used 
for  wireline  echo  cancellers  [2,3,4,51  where  the  frequency 
shaping  networks  were  ones  whose  impulse  responses  are  elements 
of  an  o-'thonormal  set.  Specific  implementations  used  delay  lines 
and  Laguerre  networks,  Delay  line  implementations  have  also  been 
studied  for  both  electromagnetic  [6]  and  acoustic  [71  adaptive 
arrays. 

For  analysis  purposes,  the  multichannel  ICS  in  the  SFR 
may  be  modelled  in  the  following  manner.  Let  us  define  a  frequen¬ 
cy-dependent  transfer  function  H(.  (w)  to  represent  the  undesired 
coupling  from  transmitter  output  to  receiver  input ,  The  N  channels 
of  the  ICS  provide  a  second  transfer  function  between  transmitter 
and  receiver  which,  from  Figure  3,  may  be  written  as 

N 

Hn(<o)  -  l  W1Ni(w)  (1) 

i“l 

The  model  is  shown  diagrammatically  in  Figure  4,  The  transmitter 
waveform  is  assumed  to  have  a  Fourier  transform  represented  by 
St(w),  and  Sr(u>)  is  used  to  represent  the  Fourier  transform  of 
the  ICS  output  to  the  receiver. 


As  shown  in  the  figure,  we  define  the  N-Channel  ICS 
transmitter-t.o-recelver  isolation  ratio  as  the  ratio  of  the  energy 
going  into  the  receiver  to  the  energy  coming  from  the  transmitter. 


(R/T) 


?/  JV“>l2d“ 

C  — -r  „  -  — 

N  *vv)i2- 


/  |ST(w)!2|Hc(u)+HN(<D)|2dw 

-  -9 - - -  (2) 

/  |  Sm(<*>)  |  2dU> 

0  1 

The  best  ICS  performance  is  obtained  when  (R/T?n  is  minimized, 
which  is  accomplished  by  allowing  the  weights  Wi  to  be  adjusted 
so  that  Hn(«0  matches  -HgCw)  as  closely  as  possible.  Hc(m)  may  be 
slowly  varying  with  respect  to  the  transmitted  waveform,  but  It 
in  Widrow ,  B,,  et  a  l ,  ’'Adaptive  Antenna  Systems,*'  Proa  IEEE, 
vol.  55,  no  12,  December  1967  ,  pp.  2143-2159. 

[7]  Bryn,  F.,  "Optimum  Signal  Processing  of  Three-Dimensional 
Arrays  Operating  on  Gaussian  Signals  and  Noise,"  J  Aaoue  Soa 
Am ,  vol.  34,  March  196?,  pp.  289-297  . 

-9- 


will  be  presumed  that  will  have  similar  compensating  varia¬ 

tions  by  adaptively  controlled  the  weight  values  Wi. 

a.  Choice  of  Frequency  Shaping  Networks 


In  order  to  determine  the  set  of  network  functions 
{Ni(w)J  to  be  used  in  the  multichannel  ICS,  let  us  first  consider 
a  single-channel  IC°  in  which 

N^w)  -  1  (3) 

That  is,  the  network  Ni(w)  is  not  frequency-dependent.  We  will 
now  examine  the  isolation  ratio  (R/T)i  when  Sm(u>)  is  a  flat  band- 
limited  spectrum  in  an  environment  which  consists  of  a  single 
reflector  removed  from  the  repeater  by  a  delay  t  .  Thus,  we  let 

0  Pn  for  ju>*wnj  £  ttB 

o  t ..  \  1 2  _  r  u  1  O'  .... 


ST(m) 


0  elsewhere 


where  fo  ■  mo/2ir  is  the  carrier  frequency  of  the  transmitted  sig¬ 
nal  and  B  is  its  bandwidth.  The  coupling  function  is 

Hc(w)  =  aej<Jle“‘1wT  (5) 

where  a  represents  the  gain  of  the  coupling  path,  $  its  phase 
shift,  and  t  its  delay.  Using  (1),  (3),  (H)  and  (5)  in  (2)  gives 


,  o>r.+irB 

<R/T)i  ■  he  /  lB 

Wq-ttB 


j  ae^e”^WT+W^  |  2du> 


When  ttBt  is  small,  the  ICS  ideally  will  cause  to  adapt 
to  the  solution 

W1  »  -aeJ4e  JW°T  (7) 

which,  when  applied  to  (6)  results  in 


(R/T). 


a2  V*B„ 

rR  > 


Wq-TTB 


Integrating  (8)  gives 

(R/T)x  «=  2a2[l  -  — 

“  a2(vBT)2/3 


sinuBx  • 


for  irBT  |  <<  1 


It  is  clear  from  (9)  that  high  isolation  with  a  large 
requires  that  the  product  ttBt  be  small,  so  that  we  will  concen¬ 
trate  our  attention  on  that  condition.  It  is  important  to  note 
that  the  approximate  result  given  in  (9)  for  small  Bt  would 
have  been  achieved  if  the  integrand  in  (8)  had  been  approximated 
by  the  first  term  of  its  Taylor  series  expansion,  i.e.,  approxi- 

matlnS  -jW-u0)T 

1-0  « 


J  (lO— Wq  )  T 


(10) 


Thus,  the  voltage  spectrum  of  the  single-channel  ICS  residue  is 
dominated  by  a  term  linear  in  frequency,  passing  through  zero  at 
wBo)o . 

We  now  consider  the  addition  of  a  second  channel  to 
the  ICS.  If  the  first  channel  leaves  a  residue  whose  dominant 
spectral  term  is  proportional  to  (u-wo)>  it  is  intuitively  felt 
that  making  the  frequency  shaping  network  N2(w)  for  the  second 
channel  have  the  same  characteristic  will  allow  it  to  be  most 
effective  in  improving  the  Isolation.  Thus,  we  make 

(u-wn) 

»2<*0  -  3— ~  <11) 


which  may  be  approximated  by  a  single  resonant  stage  notch  fil¬ 
ter  centered  at  fo  c  wq/2tt  with  3  dB  bandwidth  Bj]  *  wg/ir,  for 

Using  (1),  (3),  (4),  (5)  and  (11)  in  (2)  gives 

,  ton+irB  ..  .  (w-wn)  0 

{R/T>2  -  jig  1  |ae«e-J“T+W1+3W2-— 2-|2d» 

Wq-TTB  o 


-L_  / 

>irR  J 


Wn+1TB  j(4>-wnt)  -J(u-Wn)T  (W-Wn)  o 


Wq-ttB 


+V3w2— 5T"1  d“ 


For  {ttBt}<<1  ,  we  can  expand 
-j  (<d-u)0)t 


.  =  1-j  (w-U)n)T-(<i'-U)n)  T  /2 


(12) 


(13) 


Then,  If  the  ICS  adapts  its  weights  to 

J(<J>-wnT) 

VT  _  _  V 


*  -ae 


aUgTe 


j  (<J>-w0t) 


<1*0 


we  have  a  residue  whose  voltage  spectrum  is  parabolic  about  wq 
The  Isolation  is  given  by 

2  wn+TtB  (u>-wn)2i2  7 

/■a  /m\  a  f  U  r  0 


<R'T>2  “  sfl 


Wq-ttB 


a2(TTBT)V20 


•]cdw 


for  |  it BtJ<  <  1 


(15) 


By  comparing  (9)  with  (15)  we  see  that  the  isolation  afforded  by 
the  two-channel  ICS  improves  that  available  from  the  single¬ 
channel  ICS  by  a  factor  of  3(^Bt)2/20. 


By  extrapolating  the  above  arguments  for  additional 
channels,  it  becomes  evident  that  the  1-th  channel  should  have 
a  frequency  shaping  network  of  the  form 


»i<“>  “ 

D 


(16) 


which  may  be  approximated  by  a  cascade  of  1-1  identical  notch 
filters  with  isolation  between  them.  For  ttBt<<1,  an  N-channel 
notch-filter  ICS  will  have  an  Isolation  ratio  (R/T)m  of  the  order 
of  (  B  )2N.  a  block  diagram  of  an  N-channel  notch  f liter  ICS  is 
given  in  Figure  5. 


b.  Detailed  Analysis  of  Two-Channel  Notch  Filter  ICS 


(1)  Problem  Formulation 


The  objective  of  this  analysis  Is  to  determine  the 
transmitter-to-receiver  isolation  that  can  be  provided  by  a  two- 
channel  ICS  using  the  notch  filter  technique  heuristically 
described  in  Section  II. 1. a.  The  analytical  model  adopted  for 
this  performance  evaluation  is  shown  in  Figure  6.  All  signals 
shown  are  complex  envelope  representations  with  respect  to  a 
selected  center  frequency  fo  of  corresponding  bandpass  signals. 
Thus,  x(t)  is  the  input  from  the  transmitter,  xq (t )  and  xp(t) 
are  the  ICS  reference  channel  inputs,  and  r(t)  is  the  ICS  output 
to  the  receiver.  For  this  analysis  the  transmitter-to-receiver 
coupling  channel  is  considered  to  be  a  linear  time-invariant 
system  with  a  lovpass  equivalent  transfer  function  Hc(f). 
Finally,  N(f)  and  HL(f)  are  the  lowpass  equivalent  transfer 
functions  of  the  notch  filter  and  the  integrating  filters 
utilized  in  the  weight  control  units. 


The  initial  step  in  the  system  analysis  is  to  obtain 
the  differential  equations  describing  thr  operation  of  the  con¬ 
trol  loops.  .From  Figure  6,  the  time-varying  complex  weights 
Wi(t)  and  V/2 ( t )  must  satisfy  the  set  of  simultaneous  differential 
equations 

dW 

Tar'  +  wi  •  -v!(t)r(t> 


'  -a2x*(t)r(t) 

where  the  receiver  output  Is 

r(t)  «  y(t)+W1(t)x1(t)  +  w2(t)x2(t)  (18) 

Gi  and  Gp  are  the  voltage  gains  of  the  control  loop  amplifiers, 
and  T  is  the  time  constant  of  the  loop  filters,  and  xi(t)  and 
X2(t)  arc  linearly  related  to  x(t)  as  shown  in  Figure  6.  After 
substituting  (13)  into  (17),  the  system  differential  equations 
are  found  to  be 
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NOTCH 

FILTER 


W2CtOx2(t) 


■  y(t)+w1(t)x1(t)+w2(t)x2(t) 


FIGURE  6 

S  OF  THE  TWO-CHANNEL  NOTCH  FILTER  ICS 


(19a) 


+  U+G1jx1(t)|2]w1  +  a1xj(t)x2(t)w2  -  -a^JUMt) 

dW 

+  V3<t)xl(t)Wl  +  t1+a2lx2(t)l2:iW2  "  -Q2x?(t)y(t)  (19t5) 

In  the  analysis  to  be  performed,  x(t)  is  assumed  to  be 
a  zero-mean  complex  Gaussian  stationary  random  process  with 
power  spectrum  Sx(f).  It  then  follows  that  xi(t),  x2(t)  and 
y(t)  are  zero-mean  complex  Gaussian  jointly  stationary  processes. 
The  system  is  described  by  a  set  of  stochastic  differential 
equations  with  solutions  that  are  random  processes  and,  conse¬ 
quently,  require  a  statistical  description. 

To  begin  this  characterization,  it  is  desired  to  evalu¬ 
ate  the  expected  values  of  the  weights;  these  shall  be  denoted 
as 

W1(t)  »  E(W1(t)>  i  «  1,2  (20) 

Since  Wi(t)  and  W2(t)  satisfy  (in  the  mean-square  sense)  the  set 
(19a)  and  (19b),  it  must  follow  that 

dW 

E(Tdti  +  Cl+Gi|xi(t) +  G1xJ(t)x2(t)W2}  «  -G1E{xJ(t)y(t)} 

(21a) 

dW~  , 

+  n2x*.(t)xi(t)W1  +  n+G2lx2(t)|2]Vf2}  -  -G2E{xJ(t  )y  (t ) } 

(21b) 


and  consequently, 

TW1(t)+E{[l+G1|x1(t)i2]W1(t)}  +  G1E{xJ(t)x2(t)W2(t)}  - 

-  -G1E{xJ(t)y(t)}  (22a) 

TW2(t)+G2E{x*(t)x1(t)W1(t)}  +  E{[l+G2|x2(t)|2]W2(t)}  - 

-  -G2E{xj5(t)y(t)}  (22b) 


To  proceed  further,  first  observe  that 

E{[l+G1|x1(t)|2]W1(t)}  -  W^t)  +  G1E{|x1(t)|2W1(t)}  (23) 

Next,  invoke  the  assumption  that,  for  any  value  of  t,  |xi(t)|2 
and  Wi(t)  are  uncorrelated  random  variables;  that  is, 

E{|x1(t)|2W1(t)}  -  E{jx1(t)|2/  lW1vc)} 

By  this  assumption,  (23)  becomes 


16 


E{[l+01|x1(t)|2]W1(t)}  -  [l+01E{|x1(t)|2}]^1(t)  (24) 

If  a  similar  procedure  is  carried  out  for  the  remaining  terms  in 
(22a)  and  (22b)  it  is  found  that  ffi(t)  and  must  satisfy  the 

differential  equations 

TW1(t)+[l+Q1E{|x1(t)l2}]W1(t)  +  G1E{xf(t)x2(t)}ff2(t)  - 

-  -Q1E{x«(t)y(t)}  (25a) 

TW2(t)+G2E{x|(t)x1(t)}W1(t)  +  [l+G2E{|x2(t)|2}]ff2(t)  - 

■*  -G2E{xJ(t)y(t)}  (25b) 


E^  nations  (25a)  and  (25b)  can  also  be  written  in  matrix 

form  as 


W(t)  -  AW( t )  +  BV 
where  W(t)  is  the  column  vector. 


W(t) 


^(t) 

w2(t) 


(26)' 

(27a) 


A  and  B  are  the  matrices 
A  *  - 


a+G^t  |x1(t)|2}) 
G2E{x|(t )x1(t)} 


B  “  T 


-G- 


0 

~G. 


and  V  is  the  column  vector 


G1E{xJ(t)x2(t)) 
(1+G2E{ !x2(t)|2}) 


E(xJ(t)y(t)} 

E{x«(t)y(t)} 


(27b) 


(27c) 


(27d) 


Notice  that  A  and  V  do  not  vary  with  time  since  xi(t),  X2(t) 
and  y(t)  are  jointly  stationary  processes. 

The  solution  to  (27)  is  given  by  [8] 

W(t)  -  eAtW(0)  +  f  eA(t"T)BV  dr  0*t<«>  (28) 

0 

where  W(0)  is  the  mean  value  of  the  weight  vector  at  t*0.  In 
addition,  if  all  eigenvalues  of  A  have  negative  real  parts,  the 


[8]  DeRusso,  P.M.,  R.J.  Roy,  C.M.  Close,  State  Variables  for 
Engineers ,  John  Wiley  and  Sons,  1967,  pp.  358-360. 
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expected  value  of  the  weight  vector  approachee  a  finite  limit 
ff  -  11m  B(t)  -  -A_1B7  <29) 

t-W® 

Using  (27)  and  (29)  It  Is  found  that  the  steady  state  value  of 
the  mean  weight  vector  is 


•(l+OjKj^)  01k,2  1"1r-Gih"j 

02*21  <1+02K22)J  hL2J 


“  (l+a1K11)"(l+Q2K22^“GlG2K12K21 


1+Q2K22 

”G2K21 


-G1K12 


-°1L1 


?+aiKn  rQ2L2 


where 


K11  "  i xx ( t  > i 2  > 

K12  -  E{x»(t)x2(t)} 
K21  -  E{x|(t)x1(t)} 

K22  "  EUx2(t^2^ 

Lx  ■  E{xJ(t)y(t)} 
l2  *  E{x|(t)y(t)l 


(3D 


(32) 


Notice  that  Kmn  is  the  i^the  covariance  o-Tthe^ 

and  n-th  reference  inputs,  wl a  ^rencey  (present  at  the 

i-th  reference  Xj.(t)  and  the  ln^erierence  v  (m,n)-th 

ICS  input  from  the  antenna.  In  addition,  Kmn  is  the  Un, 
element  of  the  covariance  matrix 

K  -  E{XV>  (33) 

where  X  Is  the  column  vector  of  reference  Inputs  xT  -  [xi(t)x2(t)]. 

The  covariances  required  to  evaluate  ^°,t“®n0^p„°3I'of 

^jn-arjar— 

Kn  -  E(|x1(t)|2)  -  [Jx( O  Of  (3‘,a) 


K12  ■  E(x2(t)x}(t)}  -  /_N(f)Sx(f)  df 


(3^b) 


rqT  Papoulis,  A.,  Probability ,  Random  Variable, ,  and  Stoohaatio 
[9]  IfooTsses,  McGraw-Hill  Book  Co.,  1965,  PP-  3p2-353. 


f 


l 


I 

l 


i 


i. 


i. 


I 


FIGURE  7  | 

SYSTEM  REPRESENTATION  FOR  THE  COUPLED  INTERFERENCE 

AND  REFERENCE  CHANNEL  INPUTS  -J 


(34c) 


and 


K21  "  E{x1(t)xJ(t)>  «  K}2 

K22  -  E{|x2(t)|2}  -  f  |N(f)|2Sx(f)  df 

“00 


Lx  -  E(y(t)x{(t)} 
l>2  *  E{y(t)xg(t)) 


00 

/  H  (f )S„(f )  df 
“00  A 

/  Hc(f)N*(f)Sx(f)  df 


C3^ca) 

(35a) 

(35b) 


The  combination  of  (34),  (35)  and  (30)  then  yields  the  solution 
for  the  steady  state  limit  of  the  expected  value  of  each  complex 
weight . 


With  a  long  integration  time  in  the  loop  filters  of 
Figure  6,  the  weight  values  are  well  approximated  by  their  mean 
values  [10].  Then,  from  Equation  (1),  the  mean  weight  values 
determine  an  ICS  transfer  function,  which,  for  the  two-channel 
ICS,  is  given  by 


H2(f)  =  Wj.  +  W2N(f) 


(36) 


The  composite  transmitter-to-receiver  transfer  function  is  then 
H02(f)  “  Hc(f)+H2(f)»  allowing  the  transmitter-to-receiver  iso¬ 
lation  to  be  written  as 


(R/T)2 


E(lr(t)l?} 

E{|x(t)|2} 


/  Sx(f)|Hc(f)+H2(f)|2  df 

—  CO 

00 

J  S(f)  df 
—  00 


oo 

/  Sx(f)|H02(f)l2df 

—  SO 

00 

J  sx(f)df 
“00 


(37) 


The  evaluation  of  (37)  will  be  carried  out  based  upon 
the  following  three  assumptions.  First,  the  equivalent  lowpass 
transfer  function  of  the  notch  filter  is  of  the  form 


N(r)  ‘  1  - 
fc  ■  V2 


0*01*1 


(38) 


[10]  Brennan,  L.E.,  et  al ,  "Control-Loop  Noise  in  Adaptive 

Array  Antennas,"  IEEE  Trane  AES,  vol.  AES-7,  no.  2,  March 
1971,  pp.  254-262. 
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In  (38).  the  parameter  a  ■  N(0)  is  a  measure  of  the  center  fre¬ 
quency  transmission  of  the  notch  filter  (-20  logo  is  the  ’’notch 
depth”  in  dB),  and  fc  ■  Bj>t/2 ,  where  Bn  is  the  3  dB  width  of  the 
notch  filter  stopband  with  ct*0.  The  second  assumption  made  is 
that  the  channel  transfer  function  H<j(f)  can  be  represented  as 
an  M-th  degree  polynomial  in  f  over  a  specified  interval  (-B/2, 
B/2 ) . 

M  M 

Hc(f)  "  J  Cmf  "  C0+C1f+...+CMf"  | f J -B/2  (39) 

The  final  assumption  invoked  is  that  the  power  spectrum  of  x(t) 
is  bandlimited,  with  bandwidth  B,  and  constant  over  the  interal 
|f|  *  B/2  defined  in  (39);  consequently*  Sx(f)  can  be  written  as 

J5*  1*1  ~  B/2 

Sx(f)  ={  B  (40) 


elsewhere 


Prom  (37)  and  (40), 

1  ,B/2,  2 
(R/T)2  «  |  J  iH02(f)|df 


(4r) 


To  complete  the  evaluation  of  (R/T)2  it  is  necessary  to  evaluate 
VJi  and  Wg  using  (30),  (34),  (35)  and  the  notch  filter  and  channel 
transfer  functions  (38)  and  (39)  •  The  composite  transfer  function 
Hc(f)+H'<>(T)  is  then  found  and  substituted  into  (hi) . 

(2)  Evaluation  of  the  Steady  State  Weights 

The  covariance  matrix  entries  of  (34)  are  found  as 
follows.  First  observe  that 


N(f )  -  1  - 


(1-ot) 

:i+j(f/fc: 

d-q) 


»  l  - 


(l-oO(l-Jf/fc) 

l+(f/fc)2 


|N(f) 


1 - +  j  (1-a) - 

l+(f/fcr  l+(f/for 

|(l+jf/f  )-(l-a)|2  a2+(f/f  )2 


(42) 


ll+jf/fcr 

!  _  _ 

[l+(f/fc)2] 


l+(f/fc)‘ 


(43) 


Using  (34),  (40),  (42)  and  (43),  the  are  found  to  be 

B/2  PQ 

/  gS.  df  -  p 

-B/2  B  0 

B/2 


K 


11 


K 


12 


r.  u  - 


df 


-B/2 


l+(f/fc)' 


2P, 


K 
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-/[|  -  (l-o)fctan”:L(|f-)] 

g 

-  PQ[l-(l-a)  /  tan^^Cg—)] 
K12  “  Pq^-CI-cx)  g—  tan 


K 


22  B 


Po  jB/2{l  . 


df 


-B/2 


l+(f/fc)‘ 


g 

-  P0[l-(l-a2)g^  tan“1(|— )] 


(44) 


(45) 

(46) 


(47) 


Define  the  variables 


y  - 

A  - 

so  that  the  Kmn 

B/Bn 

tan~1('r) 

y 

can  be  written  as 

(48) 

K11 

=  P0 

(49a) 

K12 

«  P0[l-(l-a)A] 

(49b) 

K21 

-  P0[l-(l-a)A] 

(49c) 

K22 

*  PQ[l-(l-a2)A] 

(49d) 

Using  (49)  in  (30)  gives 


(1+G1K11)  ("l+GgKggVGi^GgK^gKg^ 

-G2P0Cl-(l-oi)A]  I+G-^q 


Gih 

g2l2 


(50) 
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Ml 


(51a) 


-Q1Lia+a2P0[l-(l-a‘:)A])  +  01Q2P0L2[l-(l-a)A] 

1  l+Q1P0+a2P0Cl-(l-a2)A]  +  Q102P2(l-a)2A(l-A) 
Q1Q2P0L1[l-(l-a)A]  -  Q2L2(1+Q1P0) 

2  l+G1P£)+G2P0Cl-(l-a2)A]  +  G1G2P2(l-a)2A(l-A) 


and 


From  (35) »  (39),  (40)  and  (42),  we  obtain 
Pn  B/2  M 

L,  -  ~  /  l  Cfmdf 
x  o  n  /  a  _  _  n  rn 


-B/2  m»0 


pn  M  B/2  m 

1  i  <=m  /  f”df 


B  m-0  "m  -B/2 


M 


Pn  B/2 
5"~  /  N*(f)  l  Cfmdf 

B  -B/2  m*0  m 

Pn  M  B/2  m 

sp  I  C  J  fmN*  (f  )df 

B  m=0  m  -B/2 


(51b) 


(52a) 


(52b) 


Since  two-channel  ICS  is  expected  to  cancel  first  and  second 
order  terms  (m^O  and  m*'!. ),  the  principal  remaining  term  is  ni«2. 
Thus,  the  summation  will  be  taken  up  to  M*2 . 


L1  "  C0P0  +  c2p0(b2/12)  (53a) 

L2  "  C0P0[l-(l-o)A]  -  JC1P0(l-a)(l-A)BN/2 

+  C2P0[1  -  b2/12  (53b) 

Y 

Inserting  (53)  into  (51)  then  results  in 


W,  =  -C, 


GlG2P0(1"a)2/i(1”A)+GlP0 

- 


Bn  G1G?P^(l-«)(1-A)[l-(l-o)A] 
■JCi  T - : - D - 


+c 


B 1 

2  12 


01G2P2{[l-(l-a)A][l-^--<?-^-~-^-]-[I-(l-a2)A]}-G1P( 

D  (54a) 


(5Kb) 


2-q102pg[l-(1-a)A3>G2po(UGiPo)[1-3^^p^] 

+C2  fy  - 5 - 1 - 

where 

D  A  l+G1P0+a2P0[l-(l-ot2)A]+G1Q2P^(l-a)2A(l-A)  (5^c) 

(3)  Evaluation  of  the  Composite  Transfer  Function 

Now  that  the  values  for  the  weights  have  been  deter¬ 
mined  using  the  notch  filter  transfer  function  N(f)  of  (38), 
the  composite  transfer  function  will  be  determined.  This  deter¬ 
mination  will  be  made  using  tne  power  series  expansion  of  Hc(f) 
in  (39), along  with  the  weight  values  in  (5*0  and  a  similar  power 
series  expansion  of  N(f).  We  can  expand  (38)  as 

N<f>  “  1  -  rF&T^T 

-  a+j(l-a)(f/fc)+(l-a)(f/fc)2-j(l-a)(f/fc)3+... 

for  |f/f  I<1  (55) 

Since  we  confine  our  attention  to  the  frequency  range  { f ( ^B/2 » 
the  convergence  condition  in  (55)  is  satisfied  when 

y  *  B/Bn<1  (56) 

where  *  2f  is  the  two-sided  3  dB  bandwidth  of  the  notch 
filter. 

The  composite  transfer  function  is  then  determined  from 
(36),  (39)  and  (55)  to  be 

HQ2(f)  -  Hc(f)+H2(f)  *  Hc(f)+W1+W2N(f) 

*  h02+h12(f/fc)+h22(f/fc)2  (57) 

where  the  coefficients  h^ are  given  by 

h02  “  C0  +  W1  +  aW2 
h12  =  <Cibn)/2  +  J(l-a)V?2 

h22  “(C2BN)/lj  +  (58) 

Because  it  is  the  design  objective  of  the  two-channel  ICS  to 
cancel  the  sero-th  order  and  first-order  terms  (i.e.,  ho2 ,hi2-*-0) » 


HogCf/  is  approximated  by  the  power  series  expansion  truncated 
after  the  square  term. 

The  final  results  for  ho2>hl2»h22  are  found  by  substitu¬ 
tion  of  (54)  in  (58)  and  are  given  below: 


'  D  »  G1G2P^(1-o)2A(1-A)  +  G^Q+G^QCl-d-a2)^]  +  1 


h02S  C0 


G2P0(l-a)(l-A)+l 

— 

C1Bn  (l-a)(l-A)G2P0CG1P0(l-a)(l-A)-a] 


(59) 


b2  ^0iV§(^-«>2o-M^OiP0*«oafoU-au=§: 


(60) 


v2  12  D 

d-a)G?Pn[l-(l-oc)A] 
hl2=  "JC0  D 

BN  G1G2P0(1"a)2(1"A)2‘(1+GlP0)+aG2P0[a(]L“2A)’2(1''A)] 


2  G1G2P2ri-(l-a)A]-G2P0(l+G1P0)Cl-i^|nirAi] 


+j(l-a)C2  fp 


(bi; 


h22“  "C0 


(l-a)G2P0[l-(l-a)A]  _  ^  BN  (l-a)<:(l+G1Po)G2P0(l-A) 

- -  +  .1 C  -1  — 


BN  G1G2Po(1“a)2(1"A2)+1+GlP0+G2P0C2(1'A)+a(2A”cx):] 
+c2  - 


-  J-(l-o)G2P0Cl+(l-a)G1P0A] 


(62) 


(4)  Simplified  Results  for  the  Dual  Channel  ICS 

The  purpose  of  this  section  is  to  introduce  design 
requirements  that  allow  the  two-channel  ICS  to  approach  optimum 
performance.  It  has  been  shown  [11]  that  the  optimum  weight 
vector  that  minimizes  the  mean-square  ICS  output  is  given  by 


[11]  Widrow,  B.,  et  at ,  ’’Adaptive  Antenna  Systems,”  Proa  IEEE, 
vol.  55,  no.  12,  December  1967,  PP*  2143-2159* 
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„  rKn  Ki2]'1f-Li 

vr  = 

-K21  •  K22J  L_I<2 


(63) 


which  may  be  obtained  from  (30)  by  letting  G^  and  G2  approach 

The  coefficients  of  the  optimum  composite  transfer 
function  given  in  (60),  (61)  and  (62)  then  become 

h°  _  i  C1BN/1-Ax  C2b2,3  wl-A^ 
h02"  2  '  A  '  “  12  ~2"  A  ' 


h0  m  _  +  1C  §? 
nl2  2  ^  A  '  JL2  12 


^(l-A)-A 

„  1 _ 

2  •  A(l-A) 


v0  _  ,  C1BN,1-An  , 

h22~  J  “2— (“T')  + 

If  we  require  that 
1-A«1 


C2BN  [1-A2-Ay2/3] 


A ( 1-A , 


then 


I-  *  i_a 

3 


(64) 


(65) 


(66) 


h°2=  -(C2+j2C1/BN)B2/12 
*hl 2~  J(C2+j2C1/BN)B2/12 


(67) 


-  h°22*  (C2+j2C1/BN)B2/4 

It  is  desirable  to  determine  how  large  Gj  and  G2  must 
be  for  the  approximations  in  (67)  to  be  valid.  It  may  be  seen 
that  if,  in  addition  to  (65),  the  following  requirements  are  im¬ 
posed:  0<a«l 

W*1 

(1-A)G?Pq»1 

2  0  (68) 

G1PQ(1-A)>>a 

G2PQ(1-A)2>>a2 

we  then  obtain  from  (60),  (61)  and  (62) 
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(69) 


so  that 


then 


l02a 

cTF-  +  h 
uro 

0 

02 

l12* 

°o 

°1P0 

4. 

+  h12 

l22“ 

-  c°  ♦ 
G1P0 

.  0 
h22 

that  the  gain  in  channel 

0 

<<  In'  4. 4 

2C1,  B2 

1P0 

^  ICgTJ 

B„  1  12 

l02~ 

-(C2+j2C 

1/Bn)B2/12 

l12~ 

J(C2+j2C1/Bn)B2/12 

l22~ 

(VJ2Ci 

/Bn)B2/4 

(70) 


(71) 


The  isolation  obtainable  by  a  two-channel  ICS  is  then 
determined  from  (4l)  and  (57)  to  be 


cr/t)2  .  |  at  (72) 


B/2 


,2.2 


Using  (71)  in  (72)  results  in 

2C-,  5  h 

( R/T ) ?  *  | Cp+ j  -s±-r  B  /180  (73) 

where  the  coefficients  were  introduced  in  the  power  series  ex¬ 
pansion  of  the  channel  transfer  function  Hc(f)  given  in  Eq,  (39). 

(5)  Single-Channel  ICS  Results  -  A  Special  Case  of  the 
Two-Channel  ICS  Results 


Corresponding  results  for  the  single-channel  canceller, 
in  which  the  notch  filter  channel  is  omitted,  are  obtained  by 
setting  G2®0  In  the  formulas  (5*0 »  (60),  (6l)  and  (62)  derived 
for  the  dual-channel  canceller. 

For  the  transmit  power  spectrum  and  channel  model  con¬ 
sidered,  these  weight  values  are 
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(74) 
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c.  Multichannel  ICS  Performance  in  Reflecting  Terrain 


We  now  consider  the  case  of  the  SPR  operating  in  an 
environment  with  multiple  reflect.ors,  and  we  will  determine  the 
achievable  transit-to-receive  isolation.  The  coupling  transfer 
function  is  given  by 


_  Mi  -J2*fTi 

Hc(f)  -  l  a±  e  1  e  1 


(81) 


where  ai,  <j»i  and  tj.  are  the  gain,  phase  shift  and  delay  of  the 
i-th  reflection  path.  Expanding  (81)  in  a  Taylor  Series  expanr. 
sion  gives 


Hc(f)  »  l  ai[l-j2TTTif  -27r2tif2+...] 


consequently , 


=  -jPTrla.r  e 

x  i  i  - 

p_  p  j 4* ^ 

C2 

Using  (83)  in  (80)  gives,  for  the  single-channel  ICS, 


(82) 


(83) 


(R/T),  .  1  +  Tf“^aiTie  ‘I' 


for  kBi. 

max 


2U2  5 

”  -r~4aiTie  1  ’  for  1TBTmax<<1 

Using  (83)  in  (73)  gives,  for  the  two-channel  ICS, 


(84) 


i|  l) 
ir  B 


(R/T)2  *  -  ntBN)e  I 


for  1TBTmax<<1  (85) 


In  (84)  and  (85)  Tmax  is  equal  to  the  largest  of  the  xi*  The 
transmlt-to-receive  isolation  which  would  be  present  without  the 
ICS  is  determined  from  (2)  and  (81)  to  be 

,  B/2._  Mi  -J2irfXi  2 


(R/T )0-|/  lla±e  xe 
u  a  -B/2  i  1 


(86) 


which  is  valid  for  all  values  of  irBr*.  When  itBti>l,  the  ICS  can¬ 
not  provide  significant  cancellation  because  there  is  no  longer 
appreciable  correlation  of  the  reference  with  the  delayed  return. 

Hence,  (r/T)2  -  (r/t)x  -  (R/T)0  for  ttBx1>1  (87) 

when  ■nBx;L>l  for  all  values  of  i. 


(1)  Single  Dominant  Specular  Reflector 


When  the  terrain  is  dominated  by  a  single  specular 
reflector,  we  have  from  (8*0,  (85)*  (86)  and  (87) 

(R/T)0  *  a2  (88) 


(R/T). 


(R/T) 


ir2a2B2T2/3,  for  ttBt<<1 
t2,  for  itBt>1 

ir1,a2Bi,T2(T  -  r|r-)2/45,  for  tvBt<<1 
ffBN 

",  for  ttBt>1 


(89) 


(90) 


The  attenuation  suffered  by  the  signal  returned  from  the  specular 
reflector  is  determined  from  ‘the  radar  equation  [12] 


a2  - 


l202q 
(4tr)  ^r** 


(9D 


where  X  is  the  carrier  wavelength  in  meters 

G  is  the  numerical  value  of  the  SFR  antenna  gain  toward 
the  reflector 

a  is  the  radar  cross-section  of  the  reflector  in  meters^ 
r  is  the  one-way  range  to  the  reflector  in  meters 
We  can  relate  the  range  r  in  meters  directly  to  the  delay  t  in 
seconds  by 

r  »  ct/2  (92) 

where  c  =  3xlo8  meters/second. 


Applying  (91)  and  (92)  to  (88),  (89),  and  (90)  gives 

( R/T ) n  «  -AVr  (93) 


0 


G2C 


(R/T). 


~(B/f0)c,  for  it Bt < <  1 


12ttc  T 
(R/T)n,  for  trBx>l 


(94) 


(R/T), 


B2(|-)2(l  -  ^§--)2,  for  ttBt«1 
180c2  f0  *BNT 

( R/T ) « »  for  ttBt>1 


(95) 


[12]  Skolnik,  M.I.,  Introduction  to  Radar  Systems,  McGraw-Hill 
Book  Co.,  New  York,  1962,  Eq.  1.10b. 


An  asymptotic  sketch  of  these  three  equations  as  functions  of  t 
is  shown  in  Figure  9*  comparing  the  isolation  with  no  ICS,  a  one- 
channel  ICS,  and  a  two-channel  ICS.  Tmin  is  used  to  represent 
a  delay  (range)  closer  than  which  no  specular  reflectors  are 
present.  These  curves  show  the  relative  performance  of  a  zero, 
one,  and  two-channel  ICS  for  a  specular  reflector  of  fixed  size 
0  as  a  function  of  its  range  (or  delay). 


The  isolation  achieved  by  a  single-channel  ICS  in  ter¬ 
rain  with  a  single  dominant  specular  reflector  is  plotted  as  a 
function  of  (B/fo)  with  G2(o/r2)  as  a  parameter  in  Figure  10 
for  hBt<<1.  For  t<2/(ttBn),  a  two-channel  ICS  improves  on  the 
single-channel  ICS  by  the  ratio 


(R/T)2  _  n/B 
(R/T\  “  15  ' 


(96) 


For  2/itBn<<t<1/7tB,  the  two-channel  ICS  performance  is  plotted 
in  Figure  11. 


(2)  Continuous  Clutter 


For  the  continuous  clutter  environment  with  a  single¬ 
channel  ICS,  we  return  to  Equation  (84),  for  which  the  summation 
is  assumed  to  be  operating  over  an  extremely  large  number  of  scat- 
terers,  each  of  whose  contributions  are  statistically  independent 
with  uniformly  distributed  phase.  The  squared  magnitude  of  the  sum 
in  (84)  then  is  a  random  variable  with  a  probability  distribution 
approaching  an  exponential  and  a  mean  value  equal  to  the  sum  of  the 
squared  magnitudes  of  each  contributor.  Approximating  the  sum  by  its 
mean  value,  we  have  2  2 

(R/T)1  =  _  |a2x2,  for  "Bxmax«l  (97) 

Similarly,  ? 

( R/T ) j  «  £a^,  when  nBTi>l  for  all  i  (98) 


Applying  (91)  and  (92)  to  (97)  and  (98)  gives 

o , 


(R/T)1  « 


B2G2  r 
12ttc  2  f q  i 


Ji 
.2  » 


for  TrDTnax<<1 


(99) 


and 


<R/T)1  « 


G2 

4lT3C2f2 


l 

i 


for  all  i,  where 

irBx  j>1 


flOO) 


These  results  assume  an  azimuthally  omnidirectional  an¬ 
tenna  for  which  the  antenna  gain  is  the  same  for  each  scatterer. 
The  scatterer  cross-section  Oi  is  now  modelled  as  a  constant  area 
reflectivity  oq  (dimensionless)  times  the  differential  area  A Aj_, 
so  that 
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Oi  ■  O0^A1 

-  o0riAriA*i 
°2°o 

■  -ij —  TiATiA^i  (101) 


where  is  the  azimuthal  angle.  -  We  will  now  approximate  the 
summations  in  (99)  and  (100)  by  integration  over  the  variables 
t  and  4>,  using  (99)  for  t^I/ttB  and  (100)  for  t>l/irB.  Thus, 


(R/T)1 


ta 


B2G2a, 


k8nfer 


1/irB 

/ 

Tmin 


G2a, 


n  w  ■ 

y  i 


2tt 


I6ir3f2'  i/ttb'  0 


^  dr  (102) 


where  Train  is  the  round-trip  propagation  delay  to  the  nearest 
scatterers.  Evaluating  the  integrals  gives 


(R/T)x  * 


G2o 


TB 


0  /  B_ 


■)2[i 


3ln(TTBt 


min 


0  3 


(103) 


The  reflectivity  Oq  is  larger  for  ground  clutter  than 
for  sea  clutter  [13],  so  that  ground  clutter  will  be  used  as  a 
worst-case  environment.  From  [13],  we  use 

o  0  =  3.2x10~Vx 

«  1.07xl0~12f0  (104) 

Inserting  (104)  into  (103)  gives 

(R/T)1  «  6,67xl0“l4G2(|-)B[l  +  |ln(^ - )]  (105) 

J  C  min 

where  fg  ■  the  carrier  frequency  ir.  Hz 
B  *  the  signal  bandwidth  in  Hz 

Tmin  *  the  round-trip  propagation  delay  to  the  nearest 
scatterers  in  seconds 

G  »  the  numerical  value  of  the  antenna  gain. 


Following  a  similar  development  for  the  two-channel  ICS 
in  a  clutter  environment,  we  have  from  (85),  (91)  and  (92), 


(r/t)2  * 

and 


ttB^Q2 

l80c2fQ 


i 


_2_)2 

*v  • 


for  irBxi<<l 


(106) 


[13]  Barton f  D.K.  and  H.R.  Ward,  handbook  of  Radar  Measurement , 

Prentice-Hall  Book  Co.,  1968,  p.  138. 

» 
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(107) 


( R/T )  ~  «  -TXT-5-  l 

2  i»TrVf2  i  1 2 


for  uBTi>l 


Passing  to  the  integral  approximations,  we  have 


(R/T), 


}Van  1/ttB  2Tr[T-(2/7rBM)]2 


720fJ 


dtydt 


F  H  4T 


l6ir-Jfrt  1/nB  0  t 


Using 


t  ,  <<  -s- 

min  ttB, 


evaluation  of  the  integrals  results  in 


(108) 


(109) 


(R/T) 2  -  +  4(l^)2ln(i^  J 

Finally,  applying  (104)  to  (110)  results  in 

p 

(R/T) 2  «  6.67x10“i1‘g2(|_)BCi  +  ir§(i— )2m(=rQ=~ — ) 3 


(110) 


(111) 


d.  Antenna  Effects  on  the  Multichannel  ICS 

The  SFR  antenna,  being  a  tuned  device,  will  reflect 
the  transmitted  signal  with  a  reflection  coefficient  that  is 
frequency  dependent.  The  antenna  is  modelled  by  a  resonant 
Circuit  shown  in  Figure  12.  The  reflection  coefficient  for 
this  model  is  given  by 


p(u>) 


Zin-R  (Xc+XL)‘:+2jR(X0+XL) 


Zln+H 


C  Li  T  J  ' 
4R2+(Xc+Xl)2 


(112) 


where  Xl  3  wL  and  Xq  *  -wC.  Note  that  at  center  frequency  wo3 
1 /fU5y  the  antenna  is  matched  so  that  p(wq)  ■  0. 

♦ 

As  done  previously,  we  will  expand  p(w)  in  a  Taylor 
series  about  wo,  and  determine  the  single-channel  and  two-channel 
ICS  performance  from  the  coefficients  of  Hc(f)»  where  Hc(t)  ■ 
P(2ir[f+f03)  Ci  .  27Tp»(a,o) 

C2  *  2tt2p  (wQ) 


(113) 


TRANSMISSION  LINE 
WITH  ZQ  =  R 


FIGURE  12 

RESONANT  CIRCUIT  MODEL  OF  SFR  ANTENNA 


Differentiating  (112)  gives 


p.(w)  -  8R2XX_»42JRXV(^R2-X2) 
(4R2+X2)2 


where 


X  -  XC+XL  -  -1/wC  +  wL 
Differentiating  (114)  gives 

8R2((4R2+X2)[(X» )2+XX"]-4X2(X’ )2>/(4R2+X2)3 


(11 

(11 


p”(w)  ■ 
At 


2,1R[  (l6R^-X^  )XM  -X(XM2(20R2-3X2)] 
(4R2+X2)3 


(11 


P'(w0)  *  JX'/2R  =  jL/R 


2R 


^  -  ji  "  2<B'R>2  -  j  gfc 


(11 


The  two-sided  3  dB  bandwidth  of  the  antenna  model  in 
Figure  12  is 


Bant  '  ?<R/« 


(11 


which,  with  (117)  gives 


P’(wQ)  -  J 


ttB 


ant 


P"(w0)  ■  2  2  -  J ttb  ,  u>q 

71  Bant  ant  0 


„2R2  * 
Bant 


for  Bant<<u>P 


(11 


Inserting  (119)  into  (113)  gives 


Cn  =  r/B, 


C2  " 


(12 


Using  (120)  in  (73)  with  B/B_,.«l  gives 


(R/T)x  *  |C1j2B2/12  +  |C2|2B4/l80 
'  j'B/Bant>2  +  5?<B''Bant>'' 

“  ?<B/tw>2 


(121) 


for  the  single-channel  ICS.  Using  (120)  in  (80)  with  B/B0_+.<<1 
gives  ant 


(R/T)2  *  |C2+j2(C1/BN)|2  BVl80 

*  liT<B/Bar1t>1,C(Bant/BN)-1]2 


(122) 


for  the  two-channel  ICS. 
e.  Numerical  Examples 

(1)  Single-Channel  ICS 

Let  us  consider  a  single-channel  ICS  with  the  following 
design  parameters: 

fO  »  3x108  Hz 
B  =  105  Hz 
G  =  1 

Bant  "  5xl07llz 

Uc  assume  the  following  environmental  conditions: 

(o/r2)mav  ~  10-1  for  dominant  specular  reflector 
Tmin  -  20  ns  (closest  reflectors  10  feet  away) 


Using  Figure  10,  the  isolation  achievable  with  the 
specular  reflector  is 


(R/T)1  =  -101  dB  (specular  reflector) 


(123) 


The  Isolation  achievable  in  the  presence  of  ground  clutter  is 
determined  from  (105)  to  be 


(R/T)^  a  -110  dB  (ground  clutter) 


(124) 


The  isolation  limitation  due  to  the  antenna  reflection  is 


(R/T)^  =  -59  dB  (antenna  reflection) 


(125) 


It  is  clear  from  the  above  results  that  the  antenna  is  the 
limiting  factor. 
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(2)  Two-Channel  ICS 

We  now  consider  a  two-channel  ICS  with  the  following 
design  parameters: 

f0  »  3x10“  Hz  ^ 

B  ■  105  Hz  same  as  for  single** 

G  ■  1  \  channel  ICS  example 

*  Bant  -  5x107  Hz  ( 

Bn  -  5x10°  Hz  J 

We  assume  the  following  environmental  conditions; 

(o/r2)max  *  lO*"1  for  nearby  dominant  specular  rer 
flector  (t<2/ttBn) 

a-  103  meters2  for  distant  dominant  specular  reflector 
(t>2/ttBn) 

Tmin  =  20  ns  (closest  reflectors  10  feet  away) 

Prom  Equation  (96)  and  Figure  10  the  isolation  achievable 
with  the  nearby  specular  reflector  is 

(R/T)2  =  -140  d3  (nearby  specular  reflector)  (126) 

The  isolation  achievable  with  the  distant  specular  reflector  is 
determined  from  Figure  11  to  be 

(R/T) 2  ~  -127  dB  (distant  specular  reflector)  (127) 

The  isolation  achievable  in  the  presence  of  ground  clutter  is 
determined  from  (111)  to  be 

(R/T) 2  =  -116.5  dB  (ground  clutter)  (123) 

The  isolation  limitation  due  to  the  antenna  reflection  is 

(R/T)2  =  -99  dB  (antenna  reflection)  (129) 

Once  again  the  antenna  is  the  limiting  factor,  but  the  achievable 
isolation  of  the  two-channel  ICS  is  40  dB  better  than  that  for 
the  single-channel  ICS. 

f.  Discussion  of  Analytical  Results 

In  both  the  one-channel  and  the  two-channel  ICS  numerical 
results,  the  antenna  reflection  is  the  major  limitation  to  the 
amount  of  achievable  transmitter-to-receiver  isolation.  However, 
the  isolation  with  the  two-channel  ICS  is  about  40  dB  better 
than  with  the  one-channel  ICS. 

An  attempt  has  been  made  to  anticipate  the  analytical 
results  for  a  three-channel  ICS  by  examining  the  results  for 
the  one-  and  two-channel  ICS's.  It  is  anticipated  that  the 
antenna  reflection  limitation  would  drop  by  approximately  another 
40  dB  from  that  for  the  two-channel  ICS.  However,  almost  no 
improvement  is  expected  on  the  limitation  imposed  by  ground 
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clutter,  since  the  primary  ground  clutter  contributions  nor  the 
two-channel  ICS  are  beyond  the  range  for  which  •trB'casl.  Taus, 
ground  clutter  becomes  the  major  limiting  factor  for  the  three- 
channel  ICS,  allowing  transmitter-to-r^ceiver  isolation  of  about 
-117  dB.  The  same  limitation  holds  for  any  multichannel  ICS  with 
more  than  three  channels. 

\ 

With  a  design  gc  il  of  120  dB  for  SFR  forward  g^in,  con¬ 
servative  design  requires  transmit- to-receive  isolation  well 
below  -120  dB.  The  above  results,  although  approximate,  leave 
doubt  whether  120  dB  of  useful  forward  gain  is  achievable  at 
300  MHz  with  a  100  kHz  bandwidth  in  a  ground-based  situation. 
Since  the  achievable  isolation  is  close  to  -120  dB,  the  SFR  bread 
board  design  will  Incorporate  a  three-channel  ICS  with  120  dB 
forward  gala  capability  to  allow-  future  field  testing  of  SFR  oper 
ation  with  the  full  gain  capability. 


2.  MULTICHANNEL  NOTCH  FILTER  ICS  EXPERIMENT 


A  laboratory  experiment  was  conducted  early  in  the 
program  to  verify  the  multichannel  notch  filter  ICS  concept. 

The  experiment  used  the  General  Atronics  MX-200  two-channel  VHF 
ICS  developed  previously  on  Internal  R&D  funds. 

The  MX-200  was  constructed  with  two  identical  channels, 
intended  for  cancelling  two  independent  interferences  simultane¬ 
ously.  For  this  experiment,  the  reference  input  to  the  second 
channel  was  obtained  by  passing  the  first  channel  reference  Input 
through  a  notch  filter  and  amplifiers.  In  this  way  a  two-channel 
notch  filter  ICS  was  synthesized  with  the  intention  of  improved 
cancellation  of  a  single  broadband  interference  with  delay, com¬ 
pared  to  that  obtainable  with  a  single-channel  ICS. 


The  experimental  setup  is  shown  in  Figure  13,  The  inter¬ 
ference  was  provided  by  a  sinusoidally  modulated  FM  signal  gener¬ 
ator  operating  at  125  MHz  with  a  600  kHz  bandwidth.  It  is  con¬ 
nected  to  the  ICS  antenna  input  through  a  delay  of  200  feet  of 
coaxial  cable.  It  is  supplied  at  high  level  to  Reference  #1  with 


no  frequency  shaping.  The  input  to  Reference  M 2  is  shaped  in 
frequency  by  a  notch  filter  centered  at  125  MHz  with  a  bandwidth 
much  greater  than  600  kHz .  Both  an  L-C  notch  and  a  quarter-wave 
delay  line  notch  were  used.  Following  the  notch  filter  is  36  dB 
of  'gain.  The  ICS  output  is  monitored  on  a  spectrum  analyzer. 


The  cancellation  results  for  the  L-C  notch  and  the  delay 


line  note},  were  ind  j.  u  1 1*  .gu  c  hub ^  ±  1*4  shows  tue  cance-tla— 

tion  results  by  a  sequence  of  spectrum  analyzer  photographs  of 
the  ICS  output.  The  upper  photo  is  the  ICS  output  with  References 
1(1  and  #2  disconnected,  showing  the  uncancelled  interference. 

The  center  photo  shows  the  ICS  output  with  only  Reference  #1 
connected,  the  single-channel  ICS  configuration  giving  the  expected 


M-shaped  residue  spectrum.  The  lower  photo  shows  the  ICS  output 
with  both  References  Kl  and  K 2  connected. 


The  photos  show  a  band  edge  cancellation  ratio  of  30  dB 
with  the  single-channel  ICS  and  55  dB  with  the  two-channel  ICS. 
As  shown  in  Equations  (88)  and  (89).  cancellation  in  the  single- 
channel  ICS  is  proportional  to  (Bt)2v  and  in  the  two-channel  ICS 
it  is  proportional  to  That  is,  cancellation  in  dB  with 

the  two-channel  ICS  should  be  approximately  double  that  with  the 
single-channel  ICS.  The  measured  performance  roughly  verifies 
the  improvement  expected. 
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VERTICAL  SCALE: 

10  DB  PER  DIVISION 
TOP  LINE  =  10  DBM 

HORIZONTAL  SCALE: 

200  KHZ  PER  DIVISION 


CA)  REFERENCES  1  AND  2 
DISCONNECTED 


(B)  ONLY  REFERENCE  1 
CONNECTED  « 


CC>  BOTH  REFERENCES  1 
AND  2  CONNECTED 


FIGURE  14 

RESULTS  OF  TWO-CHANNEL 
NOTCH  FILTER  ICS 
EXPERIMENT 


SECTION  III 


PILOT-DIRECTED  MULTICHANNEL  ICS 


1.  SYSTEM  CONCEPT 

The  multichannel  ICS  discussed  in  Section  2  derives  its 
weight-control  voltages  by  correlating  the  input  to  each  weight 
with  a  feedback  error  signal  which  is  proportional  to  the  cancella¬ 
tion  residue.  An  ICS  designed  in  this  fashion  will  provide  the 
desired  degree  of  cancellation  in  the  presence  of  other  input 
signals  as  long  as  those  signals  do  not  cause  any  significant 
output  from  the  correlators  in  the  weight  control  units.  In 
the  SPR  application,  the  transmitted  signal  is  essentially  a  de- 
layed  replica  of  the  received  signal.  Thus,  an  undesired  corre¬ 
lator  output  which  causes  errors  in  the  weights  and  thereby  de¬ 
grades  cancellation  would  be  unavoidable. 


The  means  to  be  used  In  this  program  to  maintain  ICS 
performance  in  the  SFR  is  to  use  an  additive  pilot  signal  to 
control  the  ICS.  The  ICS  thus  is  modified  from  the  "transmit- 
signal-directed"  form  to  a  '’pilot-directed”  form.  A  block  dia¬ 
gram  showing  the  concept  in  a  single-channel  ICS  is  given  in 
Figure  15. 

A  pilot  signal  is  added  to  the  transmitted  signal  before 
the  directional  tap  is  taker,  to  provide  the  reference  signal 
input  to  the  complex  weight .  Instead  of  using  this  same  refer¬ 
ence  signal  as  an  input  to  the  weight  control  unit  (see  Figure  1), 
the  pilot  signal  alone  Is  used.  The  weight  control  is  based 
on  the  correlation  of  the  ICS  output  with  the  pilot  signal 
alone,  rather  than  with  the  transmitted  signal.  The  pilot  signal 
must  be  designed  to  have  low  correlation  with  the  received  signal, 
and  hence  with  the  transmitted  signal.  The  complex  weight  value 
W  established  by  pilot  direction  is  that  which  optimizes  coupled 
pilot  cancellation,  and  hence  coupled  signal  cancellation  as  well. 

When  a  pilot-directed  multichannel  notch  filter  ICS  Is 
used,  the  pilot  supplied  to  the  weight  control  units  must  undergo 
the  same  notch  filter  processing  as  the  weight  inputs  do.  A  block 
diagram  of  the  pilot-directed  multichannel  notch  filter  ICS  is 
shown  in  Figure  16.  The  differences  required  by  pilot  direction 
may  be  seen  by  comparison  with  Figure  5. 


FIGURE  15 

PILOT-DIRECTED  SINGLE-CHANNEL  ICS 


2.  LABORATORY  EXPERIMENTS  WITH  A  PILOT-DIRECTED  TWO-CHANNEL 

NOTCH  FILTER  ICS 

a.  Test  Description 

A  series  of  laboratory  experiments  have  been  conducted 
to  demonstrate  the  use  of  a  pilot  signal  with  a  two-channel  notch 
filter  ICS.  The  experimental  arrangement  utilized  is  shown  in 
Figures  17  and  lb.  The  MX-200  VHP  Interference  Cancellation 
System  (ICS)  was  modified  to  permit  correlation  of  the  error 
signal  at  the  ICS  output  with  externally  supplied  pilot  signals. 

The  interference  and  pilot  signal  are  added  and  applied  to  the 
ICS  antenna  input  through  a  simulated  coupling  path  consisting 
of  the  cascade  of  a  variable  attenuator  and  a  0.26  ps  delay  coaxial 
cable  (200  ft).  Reference  input  1  is  derived  directly  from  the 
combined  pilot  and  interference  signals  while  reference  input  2 
is  obtained  at  the  output  of  L-C  notch  filter  no.  1.  The  corre¬ 
lator  reference  signals  utilized  in  the  ICS  weight  control  cir¬ 
cuits  are  derived  from  the  pilot  signal,  as  illustrated  in  Fi¬ 
gure  17.  The  correlator  inputs  for  the  first  reference  channel 
are  obtained  directly  from  the  output  of  the  Anaren  quadrature 
hybrid.  The  correlator  inputs  required  for  the  second  reference 
channel  are  obtained  after  additional  processing  using  the  notch 
filter-amplifier  cascades  shown  in  the  lower  portion  of  Figure  17. 

The  performance  of  this  pilot-directed  interference 
cancellation  system  has  been  tested  for  the  case  in  which  a  fre¬ 
quency-modulated  pilot  signal  is  used  and  the  interference  is 
either  CW  or  a  pseudorandom  noise  (FN)  waveform.  The  pilot 
signal  carrier  frequency  -  141,185. MHz.  The  modulation  is  sinu¬ 
soidal  FM  with  peak  deviation  =  50  kHz  and  modulation  frequency 
*  3  kHz.  The  interference  carrier  frequency  is  also  141.185  MHz 
and  both  Interference  and  pilot  are  identical  in  level  at  the 
ICS  antenna  input.  A  higher  level  interference  caused  inter¬ 
modulation  products  in  the  amplifier  added  in  Figure  18,  obscuring 
the  test  results.  This  problem  can  be  overcome  by  different 
gain  distribution  in  the  final  repeater  design. 

b.  Experimental  Results 

The  experimental  results  are  illustrated  by  the  spectrum 
analyzer  displays  shown  in  Figures  19  and  20.  Figure  19(a)  is 
a  spectral  display  of  the  receiver  input  with  CW  interference 
and  the  ICS  disabled  by  disconnecting  both  reference  inputs. 

The  display  shown  in  Figure  19(b)  results  when  only  reference 
channel  1  is  connected,  and  Figure  19(c)  shows  the  residue  spec¬ 
trum  with  both  reference  channels  connected.  A  24  dB  cancella¬ 
tion  ratio  is  observed  for  pilot  frequency  components  at  the 
band  edges  fi  and  f2  vjhen  a  single  reference  channel  is  used; 
with  both  reference  channels,  the  band  edge  pilot  cancellation 
ratio  increases  to  46  dB. 
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FIGURE  1 9(A) 

CW  INTERFERENCE  +  FM  PILOT 
REFERENCE  INPUTS  DISCON¬ 
NECTED  (NO  CANCELLATION) 
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FIGURE  19(B) 

CW  INTERFERENCE  +  FM  PILOT 
REFERENCE  1  CONNECTED 
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FIGURE  19(0 

CW  INTERFERENCE  +  FM  PILOT 
BOTH  REFERENCE  CHANNELS 
CONNECTED 


41.185MHz 


100  kHz 


Similar  reoults  are  shown  in  Figure  20  when  the  inter¬ 
ference  carrier  is  biphase  modulated  by  a  pseudorandom  sequence 
at  20  Kilobits/sec.  The  same  FM  waveform  again  is  used  as  the 
p-ilot.  In  this  case  the  band  edge  pilot  cancellation  ratio  is 
25  dB  using  reference  channel  1  only  and  increases  to  48  dB 
when  both  reference  inputs  are  connected.  It  should  be  noted 
that  at  each  frequency  the  interference  spectral  component  is 
cancelled  by  the  same  amount  as  the  pilot  spectral  component. 

c.  Conclusions 

The  results  described  provide  experimental  confirmation 
of  the  pilot-directed  interference  cancellation  concept  to  be 
employed  in  the  single  frequency  repeater  design.  The  test 
results  indicate  that  both  pilot  and  Interference  signals  are 
cancelled  equally  well.  These  results  hold  for  both  single 
and  dual  channel  interference  cancellation  systems. 
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FIGURE  20(A) 

PN«  INTERFERENCE  +  FM  PILOT 
REFERENCE  INPUTS  DISCON¬ 
NECTED  (NO  CANCELLATION) 
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FIGURE  20(B) 

PNs:  INTERFERENCE  +  FM  PILOT 
REFERENCE  1  CONNECTED 
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FIGURE  20(C) 

PN::  INTERFERENCE  +  FM  PILOT 
BOTH  REFERENCE  CHANNELS 
CONNECTED 


"BIPHASE  CARRIER  MODULATION 
BY  A  PSEUDORANDOM  SEQUENCE 
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SECTION  IV 


ICS  WEIGHT  LINEARITY 


The  complex  weight  circuit  used  in  the  ICS  must  be 
highly  linear  with  respect  to  the  reference  input.  Any  non¬ 
linearity  will  cause  nonlinear  distortion  on  the  weighted  inter¬ 
ference  which  will  not  be  cancelled.  Nonlinear  distortion  in 
the  complex  weight  thus  has  the  same  effect  as  limiting  the 
achievable  ICS  cancellation.  The  level  of  in-band  third-order 
intermodulation  products  resulting  from  a  two-tone  input  is  used 
here  as  a  measure  of  nonlinear  distortion  caused  by  the  weight. 

The  weight  design  Intended  for  use  in  the  SPR  breadboard 
consists  of  two  bipolar  attenuators,  one  in  each  of  two  quadrature 
channels,  as  shown  in  Figure  21.  Each  bipolar  attenuator  is  DC- 
controlled  to  effect  amplitude  scaling  with  or  without  phase 
inversion. 

A  PIN  diode  network  has  been  developed  at  General 
Atronics  for  use  as  a  bipolar  attenuator.  The  circuit  offers 
the  following  features:  high  power  handling  capability  with 
low  distortion,  low  return  loss,  and  low  minimum  insertion  loss. 
This  section  will  review  the  efforts  carried  out  to  date  on  this 
program  to  minimize  the  nonlinear  distortion  in  the  PIN  diode 
bipolar  attenuator. 

1.  PIN  DIODE  DISTORTION  THEORY 

The  resistance  i^of  a  PIN  diode  is  controlled  by  a  DC 
bias  current  IpQ,  with  the  two  approximately  reciprocally  related: 

Rd  =  VTDC  (129) 

where  Kj  is  a  constant  depending  on  the  particular  diode.  Dis¬ 
tortion  in  the  diode  monotonically  increases  with  the  distortion 
factor 

FD  “  IAC//IDC  (130) 

where  is  the  peak  AC  current  through  the  diode .  Low  distor¬ 
tion  performance  requires  that  Pp  be  much  less  than  the  foTg 
product,  where  fo  is  the  AC  operating  frequency  and  xp  is  the 
minority  carrier  lifetime  of  the  dioae. 

Let  us  now  consider  a  PIN  diode  network  coupled  to  Input 
and  output  by  l:n  and  n:l  impedance  transformers,  respectively. 
(See  Figure  22)  Let  the  source  and  load  impedances  be  fixed, 
but  let  N  be  variable.  Let  us  define  the  network  attenuation  as 
the  ratio  of  the  power  delivered  to  the  load  divided  by  the 
maximum  power  available  from  the  source.  The  attenuation  can 
always  be  expressed  in  terms  of  ratios  of  impedances  found  in 
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the  network,  where  the  source  and  load  impedances  appear  multi¬ 
plied  by  the  impedance  transformation  n.  Thus,  for  the  attenu¬ 
ation  from  input  to  output  of  Figure  22  to  be  constant  as  n 
varies,  the  resistance  of  every  diode  in  the  network  must  be 
proportional  to  n.  For  example,  if  the  input  transformer  is 
changed  from  a  1:1  transformer  to  one  that  steps  up  the  source 
impedance  by  1:4,  then  the  same  attenuation  is  obtained  if  the 
diode  resistances  are  increased  by  a  factor  of  4.  Thus,  ^should 
be  proportional  to  n  for  constant  attenuation: 

Rd“.K2n  (131) 

From  (129  and  (133),  the  DC  current  required  to  obtain  the  desired 
resistance  in  any  particular  diode  is 

IDC  =  1^/Ra  =  ^/(Kgn)  (132) 

The  l:n  input  impedance  transformer  will  step  down  the 
AC  input  current  by  /n.  If  the  diodes  are  biased  according  to 
(133 ,  then  each  diode  in  the  network  will  carry  an  AC  current 
proportional  to  l//n,  i.e., 

IAC  =  K3//H  (133) 

Thus,  from  (130,  (133  and  &33>  the  distortion  factor  is  given  by 

FD  =  K2K3/H/K1  (134) 

Thus,  we  see  that  reducing  FD  requires  making  n  as  small  as 
possible.  That  is,  the  source  impedance  as  seen  by  the  diode 
network  should  be  stepped  down  (AC-input  current  stepped  up) 
for  reduced  distortion. 

A  second  distortion-reducing  technique  is  to  replace 
each  diode  in  the  network  by  several  diodes  in  series.  If  m 
Identical  series  diodes  are  used  to  give  the  same  total  resis¬ 
tance,  then  the  resistance  of  each  diode  must  be  reduced  by  n. 
This  is  accomplished  by  increasing  its  DC  bias  current  by  a 
factor  of  m.  The  AC  current,  however,  is  unchanged,  so  that  Fp 
is  proportional  to  1/m,  i.e., 

Fd  «  1/m  (135) 

Thus,  distortion  is  reduced  by  adding  more  diodes  in  series. 

The  combined  effect  of  impedance  transformation  and 
series  diodes  makes  FD  proportional  to  /ri/tn,  i.e., 

Fd  «  /n/m  (136) 

As  n  is  made  very  small  and/or  m  very  large,  the  minimum 
attenuation  of  the  network  begins  to  increase.  That  is,  there 
is  a  tradeoff  between  minimum  attenuation  and  distortion.  There 
is  also  a  tradeoff  between  drive  power  and  distortion.  These 
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two  tradeoffs  will  set  the  eventual  limit  on  how  low  the  distor¬ 
tion  can  be  made. 

2.  EXPERIMENTAL  RESULTS 

A  number  of  experiments  have  been  conducted  to  measure 
two-tone  intermodulation  in  the  Pill-diode  circuit  using  various 
circuit  modifications.  Two  different  methods  were  used  to 
isolate  the  third-order  intermodulation  product  generated  in 
the  circuit  to  permit  measurement  of  its  level.  One  circuit  was 
tested  with  both  methods,  and  the  results  were  substantially  the 
same . 


The  first  method  is  diagrammed  in  Figure  23,  in  which 
the  third-order  intermodulation  product  is  isolated  by  cancella¬ 
tion.  Two  CW  tones  are  generated,  amplified)  and  combined  so 
that  each  is  at  a  level  of  +15  dBm  at  the  D.U.T.  input.  Some 
of  the  D.U.T.  input  is  tapped  off  in  a  10  dB  coupler  to  a  path 
which  is  manually  adjusted  in  phase  and  amplitude  to  cancel  the 
D.U.T.  output.  In  this  way,  the  two  tones  and  the-  intermods 
produced  ahead  of  the  D.U.T.  are  car. -oiled  to  a  very  low  level 
at  the  input  to  the  spectrum  analyzer.  This  allows  the  intermods 
caused  by  the  test  setup  to  be  at  a  very  low  level  compared  to 
those  generated  in  the  D.U.T.,  so  that  the  intermods  seen  on  the 
spectrum  analyzer  are  those  caused  by  the  D.U.T.  as  long  as 
they  exceed  the  calibration  level.  The  calibration  level  is 
found  by  replacing  the  D.U.T.  with  a  6  aB  pad  and  manually  ad¬ 
justing  phase  and  amplitude  to  cancel  the  test  signals  on  the 
spectrum  analyzer  display. 

The  second  method,  diagrammed  in  Figure  24,  uses  fil¬ 
tering  to  Isolate  the  third-order  intermodulation  product.  The 
two  tones  are  separated  by  5  MHz,  and  their  generators  are  iso¬ 
lated  from  each  other  by  a  hybrid  combiner  and  by  bandpass  fil¬ 
ters  #1  and  # 2 .  The  third-order  intermodulation  product  is 
selected  by  bandpass  filter  #3  for  display  on  the  spectrum  analyzer 

A  summary  of  the  worst-case  intermodulation  levels  found 
from  a  two-tone  test  on  the  different  bipolar  attenuator  imple¬ 
mentations  is  given  in  Table  1.  The  first  column  shows  the  date 
on  which  each  test  was  conducted.  The  second  column  refers  to 
the  test  setup  —  either  Figure  23  or  Figure  24.  The  third 
column  of  Table  1  describes  the  structure  of  the  D.U.T.  —  the 
type  of  input  transformer  used,  the  number  of  series  diodes  in 
each  leg  of  the. network  and  the  diode  type.  The  fourth  column 
shows  the  principal  test  result  —  the  highest  level  of  the 
output  intermods  over  the  full  range  of  attenuation  of  the  D.U.T. 

Several  conclusions  can  be  drawn  from  these  results. 

First,  as  long  as  the  DC  drive  is  optimized  for  low  intermodu¬ 
lation  performance  at  the  frequency  of  operation,  there  is  very 
little  dependence  on  frequency  in  the  225  MHz  to  400  MHz  range. 
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FIGURE  23 

Test  SETUP  -  BIPOLAR  ATTENUATOR 
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Secondly,  the  intermod  products  can  be  reduced  by  about  10  dB 
by  using  a  50B:12.5^  input  transformer  instead  of  a  508:50^ 
transformer  (The  same  transformer  with  primary  and  secondary 
interchanged  is  used  on  the  output  as  well.)  Finally,  the  same 
10  dB  improvement  can  be  gained  by  replacing  each  PIN  diode  by 
two  PIN  diodes  in  series  and  keeping  the  transformer  fixed. 


SECTION  V 


SFR  SYSTEM  DESIGN 


The  concepts  described  in  the  preceding  sections  form 
the  basis  for  the  formulation  of  the  SFR  block  diagram.  A  con¬ 
ceptual  block  diagram  of  the  SFR  is  given  in  Figure  25,  It 
shows  a  single  antenna  used  for  both  transmission  and  reception, 
with  a  6  dB  hybrid  as  the  antenna  coupler.  The  received  signal 
passes  through  a  single-channel  pilot-directed  ICS  at  RF.  The 
RF  ICS  is  expected  to  provide  55  dB  of  transmit-to-receive  isola¬ 
tion,  sufficient  to  allow  RF  amplification  and  RF-to-IF  conver¬ 
sion  with  negligible  distortion.  An  experiment  with  a  simulated 
antenna  supporting  the  55  dB  figure  is  described  in  Section  V.2 
below. 


Following  RF-to-IF  conversion,  the  signal  is  amplified 
and  inserted  into  a  three-channel  pilot-directed  notch  filter 
ICS  at  IF.  At  this  point  the  full  (R/T)o  isolation  is  obtained. 
The  signal  then  passes  through  an  IF  filter  and  amplifier  with 
AGC  for  output  level  control.  The  detected  video  output  of  the 
amplifier  is  used  to  Indicate  signal  presence  to  control  the  DC 
power  supplied  to  the  RF  transmitter  amplifier. 

The  pilot  is  generated  at  IF  and  added  to  the  signal. 

It  is  also  supplied  to  the  IF  ICS  as  well  as  to  the  RF  ICS  after 
up-conversion.  The  combined  signal  plus  pilot  are  up-converted 
to  RF  and  amplified  to  a  1  watt  level  for  transmission. 


A  more  detailed  block  diagram  showing  functional  units 
is  given  in  Figure  26,  This  diagram  follows  the  form  of  Figure 
25.  The  extra  detail  shows  the  distribution  of  gain  throughout 
the  system.  A 

1.  FEATURES  OF  THE  SYSTEM  DESIGN 
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The  SFR  has  bee 
sign  features: 

Operating  frequency 
Bandwidth 

Minimum  detectable  signal 
Signal-to-noise  ratio  for 
minimum  detectable  signal 
Forward  gain  on  minimum  signal 
Output  power  level1 
Input  dynamic  range 


designed  to  provide  the  following  de- 

300  MHz  (nominal) 

100  kHz 
-90  dBm 

+17  dB  for  100  kHz  bandwidth 
+23  dB  for  25  kHz  bandwidth 
+120  dB 
+30  dBm  (PEP) 

60  dB 


:The  output  power  level  is  expressed  in  terms  of  peak  effective 
power  since  tne  AGC  detector  which  controls  the  output  power 
level  is  a  peak  detector. 


Signal-to-Intermodulation  +20  dB 

ratio  (two-tone  output  with 
minimum  detectable  signal) 

Signal  modulation  types  .  any  with  bandwidth  *100  kHz 

a.  Calculation  of  Forward  Gain 

The  system  gain  (and  loss)  distribution  is  tabulated  in 
Table  2,  showing  a  total  of  120  dB  of  forward  gain. 

b.  Calculation  of  Minimum  Sigrtal-to-Noise  Ratio 


The  noise  figure  of  the  receiver  will  be  calculated 
from  [l4,Eq.  53] 


(Fp-1)  (Fp-1) 

PB„,ro  =  F,  +  — - -  +  — * - 

ROVS  1  Si  gln2 


(137) 


where  the  numerical  subscripts  index  the  receiver  gain  stages  in 
order  of  their  occurrence,  F^  is  the  noise  figure  of  thei-th 
stage,  and  gj.  is  the  gain  of  the  i-th  stage.  All  gains  and 
noise  figures  are  in  numerical  ratios,  not  in  decibels.  Because 
of  the  RF  losses  preceding  it,  the  noise  figure  of  the  first 
stage  is  given  by  [l4,Eq.  6l] 

Pl  =  LRpFj  (138) 


where  Fj_  is  the  numerical  value  of  the  RF  preamp  noise  figure 
and  Lrf  is  the  numerical  value  of  the  RF  loss  preceding  the 
pro amp . 


The  noise  contributors  are  tabulated  in  Table  3.  In¬ 
serting  those  values  in  Equation  (137)  gives' 

FRCVR  =  53,5  *  17  dB  (139) 

Assuming  a  thermal  noise  spectral  density  of  Nq  *  -174  dBm/Hz, 
the  minimum  signal-to-noise  ratio  is  determined  from 

SNRmin  =  WdBm)  “  N0(dBm/Hz)  -  FRCVR(dB)  -  10  log10B 

=67-10  log1QB  (140) 

where  =  -90  dBm,  the  minimum  received  signal  level,  and 

B  is  the  bandwidth  in  Hz  in  which  the  signal-to-noise  ratio  is 
measured.  Thus, 

qvm  _  r  17  dB  for  B  =  105  Hz  .. 

0iNnmin  ”  *23  dB  for  B  =  2.5x10^  Hz 


Q.4]  Mumford,  W.W.,  E.H.  Scheibe,  Noise  Performance  Factors  in 

Communications  System ,  Horizon  House-Microwave,  Inc.,  Dedham 
Mass . ,  1968 . 
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TABLE  2 

SYSTEM  GAIN  DISTRIBUTION 

Gain  or  Loss  Contributor  (re:  Pig.  26) 

BPP 

6  dB  Coupler 
RP  ICS 

RP-IF  Mixer  and  BPF 
First  IF  Amplifier 
IF  ICS 
XTAL  BPF  (2) 

IP  AGC  Amplifier 
IF-RP  Mixer  and  BPF 
Transmitter  RF  Amp 
6  dB  Coupler 
BPF 

Overall  System  Gain 


Gain  (in  dB) 

-1 

-7 

+7 

-7 

+9 

+10 

-8 

+80  (max) 

-7 

+46 

-1 

-1 


120  dB  (max) 


TABLE  3 

SYSTEM  NOISE  FIGURE  CONTRIBUTORS 


Item 

Decibel 

Numerical 

Value 

Value 

lrf> 

RF  losses 

12 

dB 

15.85 

*i» 

noise  figure  of 

RF 

preamp 

5 

dB 

3.16 

> 

gain  from  input 

of 

RF  preamp 

with 

Image 

5 

dB 

3.16 

filter  to  input 

of 

IF  amp 

#1 

F2> 

noise  figure  of 

IF 

amp  # 1 

5 

dB 

3.16 

S2">' 

gain  from  input 

of 

IF  amp 

n 

to 

6 

dB 

3.98 

input  of  IF  amp 

#2 

effective  noise 

figure  of 

IF 

amp 

if  2 

5 

dB 

35.84 

plus  IF  ICS 
added  noise 


c.  Impact  of  Signal-to-Intermodulation  Ratio  on  Weight 
Linearity 

A  minimum  level  signal  at  -90  dBm  at  the  SPR  input 
appears  at  the  input  to  the  RF  ICS  at  a  level  of  -98  dBm.  Thus, 
the  third-order  intermodulation  products  coming  out  of  the  RF 
ICS  weight  must  be  at  a  level  not  exceeding  -118  dBm  in  order 
to  meet  the  signal-to-intermodulation  ratio  of  20  dB, 

When  the  SFR  transmits  two  equal  strength  tones,  they 
are  both  at  a  level  of  +24  dBm  (+30  dBm  PEP).  Assuming  that 
the  return  loss  of  the  SFR  antenna  is  at  least  15  dB,  the  two 
tones  are  coupled  to  the  antenna  input  of  the  RF  ICS  at  a  level 
of  +1  dBm  each.  If  they  are  to  be  cancelled,  the  RF  ICS  weight 
must  provide  the  same  +1  dBm  output  level.  Thus,  the  weight  is 
required  to  put  out  two  tones  at  +1  dBm  each  with  third-order 
intermod  products  not  exceeding  -118  dBm.  This  corresponds  to 
a  third-order  intercept  requirement  of  +59.5  dBm  on  the  weight. 
The  data  of  September  24  and  2b  in  Section  IV. 2  3how  that  this 
goal  has  been  met . 

2.  ICS  EXPERIMENT  WITH  A  SIMULATED  ANTENNA 
a.  Test  Description 

A  single-channel  pilot-directed  ICS  was  tested  using 
a  tuned  circuit  to  simulate  an  antenna  as  configured  In  the 
single  frequency  repeater.  The  experiment  was  conducted  to 
verify  tnat  a  single-channel  106  ax  nF  can  provide  sufficient 
cancellation  of  the  transmitted  signal  for  RF  amplification  and 
RF-IF  conversion  to  take  place.  Further  cancellation  will  then 
be  achieved  at  IF  with  a  multichannel  notch  filter  ICS. 

The  tuned  circuit  was  built  and  adjusted  to  simulate 
the  input  impedance  of  an  antenna  with  a  bandwidth  of  50  MHz, 
and  a  return  loss  of  15  dB  at  the  frequency  of  operation. 

A  schematic  diagram  of  this  circuit  is  given  in  Figure  27. 

Figure  28  shows  a  block  diagram  of  the  test  setup.  It 
is  based  on  the  block  diagram  of  Figure  17  used  for  tests  with 
a  two-channel  ICS,  with  those  portions  for  the  second  channel 
unused.  The  antenna  simulator  was  connected  as  shown  at  the 
top  of  the  figure,  using  a  10  dB  directional  coupler  to  simulr.be 
the  antenna  coupler  in  the  repeater.  ■  ■ 

The  repeater  output  consists  of  the  repeated  signal  and 
an  additive  pilot.  The  repeated  signal  (the  interference)  is 
simulated  by  a  CW  tone  from  the  HP  608F  Signal  Generator  passing 
through  the  PN  Modulator,  but  in  this  test  no  modulation  was 
applied.  An  FM  signal  source  (Boonton  #102A)  was  used  to 
generate  the  pilot  signal,  which  is  coupled  with  the  interference 
in  a  10  dB  coupler.  The  repeated  signal  (interference)  plus 
pilot  are  fed  to  the  antenna  simulator  and  to  the  Reference  1 
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SINGLE  CWWEL  PILOT -DIRECTED  ICS  WITH  ANTENNA  SIMULATOR 


input  of  the  modified  MX-200  VHF  ICS.  The  MX-200  modifications 
are  identical  to  those  discussed  in  Section  IV. 2. 

A  portion  of- the  pilot  is  taken  and  split  into  two 
quadrature  components  which  are  adjusted  in  delay  and  amplitude 
to  drive  the  I  and  Q  correlators  in  Channel  #1  of  the  MX-200. 

The  notch  filter  processing  used  with  Channel  #2  in  Section  III. 2 
is  not  used  in  this  experiment . 

The  antenna  simulator  was  connected  to  the  antenna 
coupler  in  two  ways:  with  a  BNC  barrel  (approximately  2  inches 
long),  and  with  a  six-foot  length  of  coax.  Cancellation  results 
were  obtained  for  both  connections.  The  reference  level  for  0  dB 
return  loss  was  obtained  by  disconnecting  the  antenna  port  of  the 
antenna  coupler  and  leaving  it  open. 

b.  Test  Results 

The  test  results  are  shown  in  the  photographs  of  Figures 
29  through  32.  Figure  29  shows  the  output  of  the  ICS  with  no 
cancellation  and  the  antenna  simulator  disconnected.  The  100  kHz 
wide  FM  pilot  is  shown  with  the  CVJ  transmitter  signal  near  the 
center  of  the  screen.  Figure  29  is  the  return  loss  reference. 

When  the  antenna  simulator  is  connected  on  a  two-inch 
cable.  Figure  30  shows  the  ICS  output  is  reduced  by  15  dB  from 
Figure  29.  No  ICS  cancellation  has  yet  taken  place. 

When  the  ICS  reference  is  connected,  the  ICS  cancels, 
producing  the  output  spectrum  shown  in  Figure  31(a).  The  CW 
transmitter  signal  at  the  center  of  the  screen  is  in  a  deep  null 
In  excess  of  70  dB  from  the  return  loss  reference.  When  the  CW 
frequency  is  moved  to  the  pilot  edge  in  Figure  31(b),  the  inter¬ 
ference  rejection  is  seen  to  be  55  dB  from  the  reference  level. 

A  similar  sequence  of  photographs  is  shown  in  Figure  32, 
for  which  the  antenna  simulator  is  connected  at  the  end  of  a 
six-foot  cable.  Figure  32(a)  shows  the  uncancelled  ICS  output 
down  15  dB  from  the  reference  level.  Figure  32(b)  shows  the 
cancelled  ICS  output  with  the  CW  interference  at  band  center 
nulled  by  more  than  70  dB.  Figure  32(c)  shows  the  cancelled 
ICS  output  with  the  CW  interference  at  band  edge  nulled  by  60  dB. 

c.  Discussion  of  Results 

The  combination  of  15  dB  return  loss  and  single -channel 
ICS  cancellation  is  seen  to  provide  a  worst-case  (band  edge) 
transmltter-to-receiver  isolation  of  55-60  dB  with  a  50  MHz  wide 
simulated  antenna.  This  isolation  is  felt  to  be  sufficient  for 
repeater  RF  front  end  to  operate  properly.  Further  transmitter 
rejection  will  then  be  accomplished  at  IF  with  a  multichannel 
notch  filter  ICS. 
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■  -V-  VJ* 


HORIZONTAL:  20  KHZ/DIV.;  VERTICAL:  10  DB/DIV,  -10  DBM  TOP 


FIGURE  *9-  RETURN  LOSS  REFERENCE  -  ICS  OUTPUT  WITH  ANTENNA 
PORT. OPEN  AND  NO  CANCELLATION 


FIGURE  30  -  UNCANCELLED  ICS  OUTPUT  WITH  ANTENNA  SIMULATOR 
ON  TWO-INCH  CABLE 

■ 


HORIZONTAL:  20  KHZ/DIV;  VERTICAL:  1QDB/DIV,  -10  DBM  TOP 


(A)  CW  INTERFERENCE 
COMPONENT  AT  BAND 
CENTER 


(B)  CW  INTERFERENCE 
COMPONENT  LOW 
FREQUENCY  BAND  EDGE 


FIGURE  31  -  SINGLE-CHANNEL  CANCELLED  ICS  OUTPUT  WITH  ANTENNA 
SIMULATOR  ON  TWO-INCH  CABEL  Cl  5  DB  RETURN  LOSS) 
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HORIZONTAL:  20  KHZ/DIV 
VERTICAL:  10  DB/D IV , 

-10  DBM  TOP 


CA)  UNCANCELLED  OUTPUT 


CB)  CANCELLED  OUTPUT  WITH  CW 
INTERFERENCE  COMPONENT 
AT  BAND  CENTER 


(C)  CANCELLED  OUTPUT  WITH  CW 
INTERFERENCE  COMPONENT 
AT  BAND  EDGE 


FIGURE  32 

ICS  OUTPUTS  WITH  ANTENNA 
SIMULATOR  ON  SIX-FOOT  CABLE 
Cl  5  DB  RETURN  LOSS) 


SECTION  VI 

jSFR  BREADBOARD  DESIGN 


An  SFR  breadboard  system  was  built  based  on  the  design 
concept  presented  in  Figures  25  and  26.  It  was  designed  to  oper¬ 
ate  at  a  291.8  MHz  RF,  with  a  power  output  of  1  watt.  The  details 
of  the  implementation  are  presented  in  this  section. 

A  block  diagram  of  the  SFR  breadboard  is  given  in  Figure 
33  which  shows  the  system  functions  performed  in  each  subassembly* 
identified  by  the  letter  in  the  upper  left-hand  corner  of  each 
block.  Figure  34  is  a  block  diagram  illustrating  the  electrical 
implementation  of  each  of  these  subassemblies. 

Both  the  RF  and  IF  ICS’s  have  their  complex  weights 
controlled  by  congelation  of  the  ICS  error  signal  with  .a.  pilot 
signal.  This  pilot  signal  is  added  to  the  SFR  transmission  so 
that  it  is  present  on  the  transmitted  signal  as  discussed  pre¬ 
viously.  The  pilot  supplied  to  the  IF  ICS  correlators  is  at 
30  MHz.  while  the  pilot  supplied  to  the  RF  ICS  correlator  is 
first  up-converted  to  the  RF . 

1.  BLOCK  DIAGRAM  DESCRIPTION  (Figure  34) 

An  input  signal  from  the  antenna  is  coupled  Into  the 
Antenna  Tnput  of  Box  A  through  a  6  dB  coupler.  Also  present  on 
this  input  are  coupled  components  of  the  transmitted  signal  and 
the  pilot.  The  fourth  port  of  the  same  6  dB  coupler  serves  to 
provide  a  portion  of  the  transmitted  signal  and  the  pilot  to  the 
Reference  Input  of  Box  A.  The  Reference  Input,  attenuated  by  26 
dB,  is  outputted  from  Box  A  for  down-conversion  to  IF  and  further 
use  in  the  IF  ICS.  A  larger  portion  of  the  Box  A  Reference  Input 
(attenuated  by  6  dB)  is  adjusted  by  the  RF  weight  to  effect 
cancellation  of  the  coupled  RF  transmitted  signal  and  pilot  in 
a  3  dB  hybrid  combiner.  The  RF  weight  is  designed  to  Impart  very 
low  intermodulation  distortion  upon  the  reference  signal. 

After  RF  cancellation,  the  received  signal  and  cancella¬ 
tion  residue  are  provided  to  Box  B  where  they  are  amplified  and 
down-converted  to  30  MHz  and  outputted  to  Box  D.  A  sample  of  the 
RF  ICS  output  is  extracted  for  use  as  the  RF  ICS  feedback  error 
signal.  It  is  chopped  at  a  455  kHz  rate.  Chopping  sidebands 
that  appear  in  the  main  line  of  the  error  coupler  are  at  multiples 
of  455  kHz  from  the  RF,  and  will  subsequently  be  rejected  by 
100  kHz  wide  filters  at  IF. 
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FIGURE  33 

SFR  BREADBOARD  BLOCK  DIAGRAM  BY  SUBASSEMBLIES 


FIGURE  34 

BLOCK  DIAGRAM  OF  SFR  BREADBOARD 


The  chopped  preamp  output  is  fed  to  Box  C,  where  it 
Is  correlated  with  I  and  Q  versions  of  the  up-converted  pilot  to 
generate  the  I  and  Q  control  signals  for  the  RF  weight. 

The  output  from  Box  A  carrying  the  26  dB  attenuated  ver¬ 
sion  of  the  Box  A  Reference  Input  is  connected  to  Box  M  where  it 
is'  further  attenuated  by  20  dB  and  then  down-converted  to  IF, 

The  attenuation  is  necessary  to  avoid  generating  intermodulation 
distortion  in  the  down-converting  mixer.  The  resulting  signal, 
containing  the  transmitted  signal  and  pilot  at  IF,  forms  the 
reference  input  for  the  IF  ICS  weights.  It  is  provided  to  the 
three  IF  ICS  weights,  located  in  Boxes  F,  G  and  H,  from  output 
taps  on  a  cascs.de  of  30  MHz  notch  filters  located  in  Box  E.  The 
taps  are  extracted  by  3  dB  hybrid  splitters.  Each  stage  of  notch 
filtering  is  separated  by  an  amplifier  to  provide  isolation 
between  the  notches  and  to  restore  some  gain  to  the  notched  sig¬ 
nals.. 

The  outputs  of  the  IF  ICS  weights  are  all  combined  in 
Box  D,  then  amplified  and  combined  with  the  IF  Main  Input  to 
effect  cancellation  at  IF.  The  resulting  signal  is  further 
amplified  and  supplied  to  Box  D’,  where  it  is  split  into  two 
paths.  One  path  passes  through  a  100  kHz  wide  crystal  bandpass 
filter  and  out  to  an  IF  AGC  amplifier. 

The  other  path,  serving  as  the  IF  ICS  feedback  error 
signal,  is  chopped  at  a  M55  kHz  rate  and  split  into  six  outputs, 
three  In-phase  (I)  and  three  quadrature  (Q).  One  I  output  and 
one  Q  output  are  provided  to  each  of  the  three  identical  IF 
weight  control  units  (Boxes  I,  J  and  K) .  In  these  units  the  I 
and  Q  weight  control  voltages  are  generated  by  correlating  the 
I  and  Q  inputs  with  the  pilot  signal  obtained  from  taps  on  a  cas¬ 
cade  of  notch  filters.  This  notch  filter  cascade  is  located  In 
Box  L  and  is  Identical  to  that  in  Box  E. 

The  output  of  the  IF  AGC  amplifier  is  further  filtered 
by  a  100  kHz  wide  crystal  bandpass  filter.  It  is  then  combined 
with  the  pilot  signal  in  Box  M’  in  a  21  dB  coupler. 

The  combined  signal  and  pilot  are  up-converted  in  Box  M 
to  the  291.8  MHz  RF .  They  are  then  amplified  to  the  point  where 
the  transmitted  output  signal  is  at  +30  dBm,  and  the  transmitted 
pilot  is  at  +10  dBm. 

2.  CIRCUIT  DIAGRAMS 

a.  RF  Weight  and  Canceller  -  Box  a 

Schematic  diagrams  of  Box  A  are  given  in  Figures  35  and 
36,  Figure  35  shows  the  resistive  networks  used  to  attenuate 
the  Reference  Input,  and  the  hybrid  components  used  for  signal 
splitting  and  combining.  Figure  36  shows  the  schematic  details 


RF  ICS*  COMPLEX  WEIGHT  AND  CANCELLER 


of  the  RF  bipolar  attenuator,  designed  for  low  intermodulation 
distortion. 

b.  RF  Preamp  and  Down-Converte-r  -  Box  B 

A  schematic  diagram  of  Box  B  is  given  in  Figure  37. 

Care  has  been  taken  to  isolate  the  RF  amplifier  (AH-591)  and 
the  IF  amplifier  (AH-592)  from  stray  coupling  through  the  +15V 
DC  power  line.  The  input  to  the  AH-591  is  protected  by  a 
Schottky  diode  limiter,  so  that  if  excessive  power  is  reflected 
at  the  SFR  antenna  terminal,  it  will  not  destroy  the  amplifier. 

c.  RF  Weight  Control  Unit  -  Box  C 

Schematic  diagrams  of  Box  C  are  given  in  Figures  38 
through  4l.  Box  C  contains  five  circuit  cards.  With  reference 
to  Figure  38,  the  circuitry  is  subdivided  in  the  following 
manner:  the  first  card  contains  the  pilot  up-converter,  the 
two  hybrid  splitters,  and  the  two  correlators  (I  and  Q);  the 
second  and  third  cards  a.re  the  synchronous  detector/lowpass 
filter,  I  and  Q  respectively;  the  fourth  and  fifth  cards  are 
the  bipolar  attenuator  drivers,  I  and  Q  respectively.  A  test 
jack  is  included  between  each  lowpass  filter  and  driver  to 
allow  the  feedback  loop  to  be  opened  and  an  external  DC  weight- 
control  voltage  Inserted,  or  to  monitor  the  DC  weight  control 
voltages  under  closed-loop  operation. 

Figure  39  shows  a  schematic  of  the  correlator.  It  takes 
the  form  of  a  diode-quad  double-balanced  mixer,  except  that  the 
diodes  are  biased  with  a  low  DC  current  to  maintain  linearity 
with  respect  to  both  inputs  without  sacrificing  sensitivity  at 
low  input  levels.  The  output  is  at  the  chopped  frequency,  455  . 
kHz . 


Figure  40  shows  a  schematic  of  the  synchronous  detector/ 
lowpass  filter.  The  455  kHz  input  from  the  correlator  is  stepped 
up  in  voltage  in  a  tuned  transformer,  amplified  in  a  yA733  video 
amplifier,  and  further  amplified  in  a  CA3109  wideband  op  amp. 

It  is  synchronously  detected  against  the  455  kHz  chopping  signal 
by  the  combination  of  a  CD4016D  analog  switch  and  a  CA3100  op 
amp,  in  which  the  analog  switch  alternately  puts  the  op  amp  in 
the  unity  gain  inverting  mode  and  the  unity  gain  noninverting 
mode.  A  741  op  amp  is  then  used  as  a  lowpass  filter  to  esta¬ 
blish  the  open  loop  feedback  time  constant  of  1.5  seconds. 

Figure  4l  shows  the  schematic  of  the  driver  for  the  RF 
bipolar  attenuator.  A  741  op  amp  is  used  as  an  input  buffer, 
after  which  the  driving  voltage  is  split  into  two  paths,  one 
the  inversion  of  the  other.  These  voltages  are  converted  non- 
linearly  into  the  drive  currents,  la  and  1^,  required  by  the 
bipolar  attenuator  to  maintain  low  intermodulation  distortion 
over  the  range  of  attenuation  while  maintaining  linear  control 
of  the  RF  output  voltage.  The  crossover  currents,  where  Ia=Ib 


83 


RF  PREAMP  AND  DOWN-CONVERTER 
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CONTROL  CURRENT  TO 
RF  BIPOLAR  ATTENUATOR 


and  the  attenuation  is  greatest,  are  set  by  the  two  pot  adjust¬ 
ments.  The  nonlinear  characteristic  of  output'  current  vs  input 
voltage,  which  compensates  for  the  control  nonlinearity  of  the 
PIN  diode  bipolar  attenuator,  is ‘determined  by  the  diode-resistor 
networks  in  emitters  of  the  two  current  source  transistors. 

The  resulting  linearization  of  the  overall  control  is  shown  in 
Figure  42.* 

d.  IF  Canceller  and  Error  Signal  Distribution  -  Boxes  D  and  D* 

Figure  43  gives  the  schematic  diagram  of  Boxes  D  and  D’. 
In  Box  D  the  I  outputs  and  Q  outputs  of  the  three  IF  ICS  weights 
are  combined  using  a  single  quadrature  hybrid  combiner  for  all 
three  weights.  The  combined  weight  outputs  are  amplified,  com¬ 
bined  with  the  main  IF  input  from  Box  B  for  cancellation,  and  then 
further  amplification  provides  the  output  to  Box  D’. 

The  input  to  Box  D'  is  split  into  two  paths.  The  upper 
path  is  amplified,  chopped  by  455  kHz,  and  split  into  three  I 
and  three  Q  outputs  to  be  used  as  chopped  error  signal  inputs 
to  the  IF  ICS  correlators.  The  lower  path  is  passed  through 
a  two-pole  crystal  filter  with  L-C  Impedance  matching  networks 
at  its  input  and  output.  The  input  matching  network  is  enclosed 
in  a  copper  can  to  prevent  it  from  radiating  out-of-band  signals 
around  the  crystal  filter  into  the  output  network. 

e.  Notch  Filter  Chains,  Boxes  E  and  L 

Figure  44  gives  a  schematic  diagram  of  the  notch  filter 
chains  In  Boxes  E  and  L  that  provide  the  tapped  outputs  of 
tandem  notch  filters.  The  inductors  Di  and  L2  are  hlgh-Q  compo¬ 
nents,  made  by  winding  22  turns'  of  #30  wire  on  a  Micrometals 
#T30-6  ferrite  toroid.  The  resulting  3  dB  bandwidth  of  the  notch 
filters  is  2.1  MHz,  and  the  notch  depth  is  20  dB.  Several  passive 
notch  filter  configurations  were  tried,  and  this  one  gave  the 
narrowest  bandwidth  with  the  same  notch  depth. 

f.  IF  Weight  Assemblies,  Boxes  F,  G,  H 

As  shown  in  Figure  45,  the  three  identical  IF  weight 
assemblies  in  Boxes  F,  G  and  H  consist  of  an  in-phase  power 
splitter  and  two  bipolar  attenuators,  one  for  the  in-phase  (I) 
component  and  one  for  the  quadrature  (Q)  component.  The 
schematic  diagram  of  the  IF  bipolar  attenuators  is  given  in 
Figure  46.  It  is  similar  in  form  to  the  RF  bipolar  attenuators 
drawn  in  Figure  36,  but  intermodulation  distortion  is  less  impor¬ 
tant  because  the  IF  bipolar  attenuators  are  operating  at  input 
levels  at  least  38  dB  below  the  RF  bipolar  attenuator  input  level, 


FIGURE  42 

RF  BIPOLAR  ATTENUATOR-DRIVER  CHARACTER  I  ST ICt 
DETECT^  RF  OUTPUT  VOLTAGE  VS  INPUT  CONTROL  VOLTAGE 


FIGURE  46 

SFR  IF  BIPOLAR  ATTENUATOR 
CIRCUIT  DIAGRAM 


g.  IP  Weight  Control  Units,  Boxes  I,  J,  K 

Boxes  I,  J  and  K  contain  three  identical  control  units 
for  the  IP  weights.  A  block  diagram  of  these  control  units  is 
given  in  Figure  47.  These  units  are  built  in  a  fashion  very 
similar  to  that  used  in  the  RF  weight  control  units  discussed 
earlier.  There  are  five  circuit  cards.  The  first  contains  the 
power  divider  and  two  (I  and  Q)  correlators,  whose  schematic 
is  shown  in  Figure  39.  The  second  and  third  cards  contain  the 
I  and  Q  synchronous  detector/lowpass  filters,  whose  schematic 
is  shown  in  Figure  40.  The  fourth  and  fifth  cards  contain  the 
I  and  Q  bipolar  attenuator  drivers,  which  are  each  preceded  by 
a  test  jack  for  monitoring  the  DC  control  voltages  and  for  in¬ 
serting  external  DC  voltages  under  open  loop  test  conditions. 

Since  the  IF  bipolar-  attenuators  are  slightly  different 
from  the  RF  ones,  their  drivers  are  slightly  different  as  well. 

A  schematic  of  the  IF  bipolar  attenuator  driver  Is  given  in 
Figure  48.  Its  operation  is  basically  the  same  as  that  of  the 
RF  bipolar  attenuator  driver  of  Figure  4l.  The  difference 
betv/een  the  two  lies  in  the  resistor  values  used  in  the  resistor- 
diode  network  on  the  emitters  of  the  Ia  and  current  source 
transistors  that  compensate  for  the  control  nonlinearity  of  the 
bipolar  attenuators.  The  30  MHz  attenuator  output  voltage  wave¬ 
form  is  shown  in  Figure  49  as  a  function  of  a  sawtooth  driver 
input  waveform. 

h.  IF  AGC  Amplifier 

The  IF  AGC  amplifier  is  used  to  provide  gain  at  IF  with 
AGC  action  through  a  peak  detector.  This  keeps  the  final  trans¬ 
mitted  output  power  at  IV/  so  that  multichannel  inputs  are  relayed 
with  the  same  relative  power.  The  IF  AGC  amplifier  is  manufactured 
by  RHG  Electronics  Laboratory,  Inc.,  Model  7/EST3002.  Its  per¬ 
formance  is  summarized  in  Table  4 . 

i.  IF  Bandpass  Filter  and  Pilot  Distribution  System,  Box  M' 

A  schematic  diagram  of  Box  M*  is  given  in  Figure  50. 

The  AGC  amplifier  output  is  bandpass  filtered  in  box  M’  in  a  two- 
pole  crystal  filter  of  100  kHz  bandwidth  at  30  MHz,  with  L-C 
input  and  output  impedance  matching  networks.  The  same  type  of 
filter  is  used  to  constrain  the  spectrum  of  the  pilot  signal 
before  it  is  split  and  combined  with  the  transmitted  signal  in 
Box  M'.  The  pilot  is  used  as  the  reference  input  in  the  RF  and 
IF  ICS  correlators. 
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Table  4 


IF  AGC  Amplifier 

(RHG  #EST3002)  Performance  Characteristics 


Center  Frequency 

30  MHz 

3  dB  Bandwidth 

2,8  MHz 

Maximum  Power  Gain 

83  dB 

1  dB  Compression  Point 

+15  dBm 

Maximum  Saturated  Power  Out 

+20  dBm 

Noise  Figure 

l.U  dB 

Max-  VoltaLs  Gain  (AGC  loop) 

103  dB 

Maximum  Voltage  Out  (video) 

7,4V  P-P 

Voltage  Required  for 

-4.65  V 

60  dB  of  AGC  Range 

AGC  Time  Constant 

15  vs 

AGC  Compression  Ratio 

60  dB/<3  dB 

Rise  Time 

0.50  vs 

Power  Required 

+12  VDC  at 

-12  VDC  at 

110  mA 
45  mA 


j.  Signal  Up-Converter*  LO  Distribution  and  Reference 
Down-Converter ,  Box  M 

A  schematic  diagram  of  Box  M  is  given  in  Figure  51 . 

The  30  MHz  IF  input  is  up-converted  by  mixing  it  with  the  261.8 
MHz  local  oscillator  to  the  291.8  MHz  RF.  It  is  then  bandpass 
filtered  in  a  two-section  L-C  filter  and  amplified  by  12  dB. 

The  12  dB  amplifier  is  followed  by  a  30  MHz  notch  filter  to 
reject  the  IF,  and  a  delay  line  notch  filter  with  a  null  at 
231.8  MHz  and  a  peak  near  291.8  MHz  to  reject  the  lower  sideband 

The  LO  input  is  a  261.8  MHz  sinusoid  at  a  0  dBm  level. 
It  Is  distributed  through  a  network  of  hybrid  splitters,  filters 
pads,  and  amplifiers  which  are  used  to  prevent  signal  flow 
through  the  LO  distribution  network.  For  example,  there  are  LO 
outputs  to  the  pilot  up-converter  and  to  the  signal  down- 
converter.  If  the  pilot  signal  flows  through  this  path,  it 
reaches  the  receiver  IF  input  through  a  path  which  is  not  shared 
by  the  transmitted  signal.  Thus,  when  the  IF  ICS  adapts  to 
cancel  the  pilot,  it  will  not  be  cancelling  tne  transmitted 
signal  in  the  same  manner. 

The  LO  is  used  in  two  mixers  in  Box  M  —  one  to  up- 
convert  the  transmitted  signal,  and  the  other  to  down-convert 
the  RF  ICS  Reference  for  use  as  the  IF  ICS  Reference.  The  LO 
Is  outputted  from  Box  M  for  use  in  two  other  places  —  in  Box  C 
for  up-converting  the  pilot  and  in  Box  B  for  down-converting 
the  signal. 

k.  Transmitter  Power  Amplifier 

The  transmitter  power  amplifier  is  manufactured  by 
Microwave  Power  Devices,  Inc.,  Model  #LWA055-2 .  Its  performance 
features  are  suinmarized  in  Table  5. 

I  •  455  kHz  Waveform  Generator,  Box  N 

A  schematic  diagram  of  Box  N  Is  given  in  Figure  52. 

The  455  kHz  squarewave  Is  generated  in  a  CD4047AE  oscillator. 
Four  outputs  are  taken  directly  from  the  CD4047AE  to  drive  the 
synchronous  detectors  in  the  RF  ICS  and  IF  ICS  weight  control 
units.  These  outputs  supply  low  current  levels.  Two  higher 
current  outputs  are  provided  through  Class  C  buffers  at  +7  dBm 
each  to  drive  the  error  signal  choppers  in  theRF  ICS  and  IF 
ICS. 


SFR  SIGNAL  UP  CONVERTER  LOCAL  OSCILLATOR 
DISTRIBUTION  AND  REFERENCE  DOWN  CONVERTER 


Table  5 


3PR  Transmitter  Power  Amplifier 
(MPD  0LAAO55-2)  Performance  Characteristics 


Frequency  Range 
Power  Output 

Third-Order  Intercept 
Harmonic  Levels 
Gain 

Gain  Flatness 
Noise  Figure 
Input  Power 


5-500  MHz 

+33  dBm,  1  dB  compression 
+35  dBm,  saturated 

+43  dBm 

-20  dB,  max 

38  dB,  min 

±1.0  dB 

8  dB 

+24  VDC,  1.65  amps 
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SECTION  Vil 


EXPERIMENTAL  RESULTS  WITH  THE  SPR  BREADBOARD 


Tests  were  conducted  on  the  SFR  breadboard  which  were 
aimed  at  establishing  the  following  principles  of  operation: 

1)  Pilot  direction  of  an  ICS  is  valid  and  can  be  used  in  an 
SPR. 

2)  An  IP  ICS  can  further  improve  the  cancellation  of  an  RF 
ICS  and  thus  improve  the  forward  gain  of  an  SFR, 

3)  A  multichannel  notch-filter  ICS  can  be  used  to  improve 
broa'  and  cancellation  performance  and  SFR  forward  gain. 

k )  The  ICS  is  applicable  to  an  SPR  to  increase  forward  gain. 

5)  The  SFR  is  linear  and  can  be  used  as  a  multichannel  relay. 

These  operating  principles  have  been  experimentally  established. 
The  SFR  experiments  also  have  demonstrated  the  performance  limi¬ 
tations  in  the  present  breadboard  and  point  out  the  need  for 
further  improvements. 

1,  PILOT  DIRECTION  AND  CASCADED  ICS'S 

The  HP  ICS  by  itself  provides  ^0-^5  dB  of  cancellation, 
both  on  the  pilot  and  on  the  coupled  transmitted  signal.  The  IF 
ICS  (single  channel)  provides  an  additional  ;-i3  dB  of  cancella¬ 
tion  beyond  that  on  a  CW  pilot.  The  shape  of  the  resulting  It' 

ICS  cancellation  notch,  however,  :1s  very  narrow,  producing 
great  variations  in  the  transmitted  signal  cancellation  as  a 
function  of  its  location  in  the  100  kHz  transmission  band.  The 
same  frequency-dependent  cancellation  performance  is  noted  on 
an  FM  p^lot  (LOO  kHr.  wide),  where  the  band-center  cancellation  is 
deep,  but  the  band-edge  cancellation  is  only  5  dB  down  from  the 
RF  ICS  cancellation.  If  a  transmitted  signal  is  added  to  the 
pilot,  its  cancellation  spectrum  follows  that  of  the  pilot. 

The  cancellation  performance  described  above  is  illus¬ 
trated  in  the  photographs  of  Figure  ‘33.  The  photographs  show 
the  FM  pilot  at  the  output  of  the  IF  ICS.  The  upper  photo  is 
with  the  RF  and  IF  cancellation  disabled.  The  center  photo  is 
with  only  the  RF  ICS  operating.  The  lower  photo  is  with  both 
RF  and  IF  ICS’s  operating.  It  may  be  noted  that  the  cancellation 
notch  formed  by  the  RF  ICS  is  broad,  but  the  IF  ICS  notch 
,  is  narrow,  accounting  for  the  degraded  cancellation  at  the  band 
edges , 


A  narrow  cancellation  notch  is  caused  by  imperfect  match 
of  the  phase  and  amplitude  vs  frequency  characteristics  between 
the  circuitry  along  the  main  input  and  along  the  reference  input. 
Correction  of  a  phase  mismatch  was  attempted  by  adjusting  cable 
lengths  both  at  the  IF  ICS  input  and  at  the  RF  ICS  inputs,  but 
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no  improvement  was  gained.  It  has  been  concluded  that  the  mis¬ 
match  problem  must  be  in  amplitude,  but  further  diagnosis  and 

correction  has  yet  to  be  done. 

* 

2.  MULTICHANNEL  NOTCH  FILTER  ICS 

The  IF  ICS  was  designed  as  a  three-channel  notch  filter 
ICS.  It  has  the  capability  of  improving  broadband  cancellation 
performance  over  that  of  a  single-channel  ICS  when  non-flat 
amplitude  or  phase  vs  frequency  characteristics  limit  the  can¬ 
cellation  bandir  ith  as  is  the  case  here.  The  implementation  of 
the  notch  filter  ICS  in  the  SFR  breadboard,  however,  was  found 
to  be  ineffective  with  a  signal  as  narrowband  as  100  kHz.  That 
is,  the  three-channel  ICS  performance  was  the  same  as  that  of 
the  single-channel  ICS. 

Tests  were  run  on  the  three-channel  IF  ICS  alone  to  de¬ 
monstrate  its  operating  principles.  The  tests  were  conducted 
using  a  600  kHz  bandwidth  FM  test  signal  at  30  MHz,  which  repre¬ 
sents  the  SFR  pilot.  Boxes  D,  D’,  E  and  L  (see  Figure  33)  of  the 
ICS  breadboard  were  used  in  the  test  setup  shown  in  Figure  54 •  The 
performance  results  are  shown  in  the  photographs  of  Figure  55. 

Each  photograph  in  Figure  55  shows  four  traces,  labelled 
0,  1,  2  or  3.  The  label  number  represents  the  number  of  notch 
filter  channels  activated,  with  0  referring  to  no  cancellation 
at  all.  In  Figure  55a,  where  there  is  little  delay  between  the 
ICS  inputs,  the  cancellation  with  one  ohanne’l  is  good  to  begSn 
with,  so  that  the  addition  of  the  second  and  third  channels  causes 
only  slight  improvement.  As  the  delay  is  increased  In  Figures 
55b  and  55c,  the  improvement  offered  by  the  second  and  third 
channels  is  far  more  significant.  In  fact,  in  Figure  55c,  the 
single-channel  ICS  provides  no  cancellation  at  the  band  edges, 
but  the  three-channel  ICS  provides  at  least  40  dB  of  cancellation 
across  the  band. 

The  notch  filters  used  in  the  IF  ICS  are  of  the  L-C  type, 
using  ferrite  toroid  cores  to  obtain  a  high-Q  inductor.  Even 
so,  the  Q  is  not  high  enough  to  allow  the  last  expression  of 
Equation  (68)  to  be  satisfied  when  the  signal  bandwidth  is  100 
kHz.  With  a  600  kHz  bandwidth,  the  notch  filter  operates  as 
desired.  Further  improvement  in  the  notch  filter  design  to 
provide  a  narrow  notch  bandwidth  without  sacrificing  notch  depth 
will  allow  operation  with  a  100  kHz  bandwidth,  but  such  improve¬ 
ment  requires  an  approach  other  than  a  series  or  shunt  tank 
circuit.  The  analysis  of  Appendix  A  shows  that  in  these  two 
configurations  the  product  of  the  notch  depth  times  its  band¬ 
width  is  a  constant  determined  by  the  center  frequency  and 
the  unloaded  Q  o *  the  inductor. 
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The  multichannel  notch  filter  ICS  was  also  tested  in  cas¬ 
cade  with  the  RF  ICS,  as  required  in  the  SFR  design.  In  order 
to  use  a  600  kHz  wide  pilot,  the  100  kHz  wide  crystal  filters 
were  bypassed.  The  te'st  setup  used  is  illustrated  in  Figure  56 
with  the  SFR  loop  opened  at  port?' 5  and  monitored  there.  Figure 
57  gives  a  sequence  of  spectrum  analyzer  photographs  taken  at 
the  IF  ICS. output  showing  the  progressive  reduction  (improvement) 
of  cancellation  residue  with  the  use  of  the  RF  ICS,  the  first 
channel  of  the  IF  ICS,  the  second  channel  of  the  IF  ICS,  and  the 
third  channel  of  the  IF  ICS. 

It  was  noted  that  both  the  weight  and  correlator  notch 
filter  chains  exhibited  a  spectral  component  at  the  LO  frequency 
(261.8  MHz)  which  gets  progressively  stronger  proceeding  along 
the  chain.  This  is  due  to  a  small  amount  of  LO  leaking  through 
the  downconverter ,  into  the  inputs  of  the  notch  filter  chain  and 
being  amplified  by  the  broadband  amplifiers  but  not  being  notched 
by  the  filters.  The  result  is  that  this  LO  component  interferes 
with  the  operation  of  the  IF  ICS  control  loops  by  a  progressively 
increasing  amount.  This  effect  is  negligible  in  the  first  loop, 
noticeable  in  the  second  loop,  and  strong  in  the  third  loop. 
Lowpass  filters  were  incorporated  at  the  inputs  to  both  notch 
filter  chains  in  order  to  obtain  the  photos  in  Figure  57,  but 
they  did  not  eliminate  the  problem.  Because  of  this  problem,  the 
multichannel  notch  filter  IF  ICS  did  not  provide  as  much  can¬ 
cellation  when  cascaded  with  the  RF  ICS  as  It  did  when  tested 
alone . 

3-  FORWARD  GAIN  MEASUREMENTS 
a.  Test  Setup 

Forward  gain  measurements  were  made  on  the  SFR  bread¬ 
board  using  the  equipment  arrangement  shown  in  Figure  56.  The 
IF  crystal  filters  limited  the  pilot  and  signal  bandwidths  to 
100  kHz.  Because  the  multichannel  IF  notch  filter  ICS  with  a 
100  kHz  signal  bandwidth  does  not  enhance  the  single-channel 
performance,  only  a  single  channel  was  used. 

The  coupler  and  pads  within  the  dashed  region  are  used 
to  permit  the  application  of  a  simulated  received  signal  to  the 
repeater  input.  The  repeater  output  is  then  examined  directly 
at  CD  >  after  attenuation  to  a  safe  power  level  for  the  spectrum 
analyzer . 

The  repeater  signal  path  is  shown  by  the  heavy  line  on 
Figure  56,  The  incoming  wave,  incident  on  the  antenna  coupler, 
enters  port  2  and  is  coupled  to  port  1*  with  6  dB  coupling  loss. 
It  passes  through  variable  attenuator  #2  and  enters  the  RF  ICS 
weight  assembly  A  ,  where  an  additional  3  dB  loss  occurs.  The 
signal  is  amplified  and  down-converted  to  a  30  MHz  intermediate 
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frequency  in  B,  with  15  dB  overall  gain.  The  IF  signal  passes 
'through  the  IF  ICS  weight,  combiner,  error  processor  and  the 
IF  amplifier,  where  variable  attenuator  #1  is  used  to  adjust  the 
forward  gain  of  the  repeater.  The  AGC  action  of  the  IF  amplifier 
was  disabled  for  this  test.  The  repeater  frequency  response  is 
established  by  the  100  kHz  3  dB  bandwidth  crystal  filter  at  the 
output  of  the  IF  amplifier.  The  signal  is  then  up-converted  to 
the  original  carrier  frequency,  amplified  by  the  MFD  I,WA  055-2 
linear  power  amplifier,  and  leaves  the  repeater  through  the  main 
line  of  the  antenna  coupler. 

The  repeater  forward  power  gain  is  calculated  from  the 
gains  of  the  individual  blocks  to  be 

Gp  *=  -6-1,2-3+15+5-1^+64-2+3+40  »  116  -  (I^+Lg)  dB  (141) 

where  L]_  and  L2  are  the  attenuator  insertion  losses  in  dB.  In 
the  experiments  that  follow,  L2  “  5  dB  was  maintained  so  that  the 
forward  gain  is  given  by 

Gp  «  111  -  L1  (dB)  (142) 

The  repeater  forward  gain  is  determined  experimentalxy 
by  application  of  a  CW  signal  at  port  (T)  and  measurement  of 
the  resultant  output  power  at  (2} .  The  loss  on  the  input  signal 
from  00  to  the  SFR  antenna  port  is  13  dB.  The  loss  on  the  output 
signal  from  the  SFR  antenna  port  to  Cl)  is  23  dB.  Thus,  with  Gj 
the  insertion  gain  from  CD  to  (2).  it  follows  that  the  SFR  for¬ 
ward  gain  is 

Gp  =  Gj  +  36  <llJ3) 

where  both  Gj  and  Gp  are  in  dB. 

b.  Forward  Gain  Measurements 

The  purpose  of  this  test  is  to  determine  the  maximum 
possible  forward  gain  that  can  be  used  without  repeater  insta¬ 
bility  due  to  closed  loop  feedback  via  the  antenna  network.  In 
this  case,  the  output-to-input  coupling  is  primarily  due  to  the 
finite  antenna  coupler  isolation  between  ports  1  and  1'.  (The 
Insertion  loss  between  these  ports  was  measured  as  22  dB.) 

It  was  found  that,  with  no  desired  receivedsignal  present 
and  both  RF  and  IF  cancellers  disabled,  oscillation  developed  when 
Li  -  97  dB.  With  the  received  signal  absent  and  the  RF  and  IF 
cancellers  operating,  could  be  decreased  to  44  cB  before  the 
repeater  oscillation  started,  so  that  the  RF  and  IF  cancellers 
provide  at  least  53  dB  of  isolation  across  the  100  kHz  band. 

From  Equation  (142)  the  achievable  forward  gain  is 


Gp  »  67  dB 


(144) 


A  -l8  dBm  CVJ  signal  at  261,77  MHz  was  then  connected  at 
port  (T)  (-31  dBm  at  the  SPR  antenna  input).  It  was  found  that 
Li  could  be  decreased  to  58  dB  before  oscillation  started,  for 
which  the  signal  output  power  measured  at  point  (2)  ■  0  dBm 
(+25  dBm  at  the  antenna  coupler  output).  The  forward  gain  of 
the  repeater  is  found  from  (143)  to  be 

Gp  -  54  dB  (145) 

a  39  dB  improvement  over  the  maximum  possible  forward  gain  when 
the  RP  and  IP  cancellers  are  not  used. 

Spectrum  analyzer  photographs  are  shown  in  Figure  58  of 
a  CW  pilot  and  a  low  power  output  CW  desired  signal  with  the 
SPR  on  the  verge  of  oscillation.  The  upper  photo  shows  the  spec¬ 
trum  at  the  SPR  output  (port  2),  and  Figure  58B  shows  the  IP 
spectrum  at  port  3.  The  pilot  at  screen  center  has  been  greatly 
reduced  by  the  RF  and  IF  ICS’s  relative  to  the  desired  signal. 

The  left  edge  of  the  100  kHz  wide  passband  in  both  photos  shows 
a  highly  peaked  response,  indicating  that  oscillation  is  immi¬ 
nent.  The  onset  of  oscillation  occurs  at  a  band-edge  frequency 
where  the  degradation  of  ICS  cancellation  from  that  of  the  band- 
center  pilot  is  most  severe. 

It  was  also  determined  that  as  the  signal  input  was 
reduced  from  -18  dBm,  the  achievable  forward  gain  increased  from 
54  dB  to  67  dB,  with  the  output  power  at  point  (2)  remaining  at 
0  dBm.  Investigation  of  this  effect  revealed  that  when  the  outnn 
power  at  point  (2)  reached  0  dBm,  its  corresponding  -15  dBm  level 
at  (4)  was  found  to  be  coupled  into  the  pilot  path  to  the  ICS 
correlators,  A  level  of  -15  dBm  at  point  (4)  was  found  to  pro¬ 
duce  a  level  of  -60  dBm  at  the  correlator  inputs.  This  level 
was  sufficient  to  overcome  the  pilot  control  of  the  ICS’s  and 
anything  higher  causes  them  to  abruptly  cease  cancelling.  With 
increased  isolation  to  prevent  this  effect,  it  is  expected  that 
a  forward  gain  of  67  dB  would  have  been  measured  for  any  output 
level  up  to  the  design  goal  of  +30  dBm. 

Another  stray  coupling  problem  was  found  which  is  a 
potential  limitation  to  forward  gain.  It  is  caused  by  stray 
coupling  of  the  pilot  signal  through  the  LO  distribution  network 
into  the  receiver  IF.  It  appears  at  the  output  of  Box  B  80  dB 
lower  than  its  level  at  the  pilot  input  of  Box  M  (see  Figure 
34).  Filtering  has  been  added  in  Box  M  to  provide  Isolation, 
but  an  additional  30  dB  of  isolation  is  required  to  achieve 
full  forward  gain.  The  coupling  of  the  pilot  into  the  receiver 
IP  would  cause  the  IF  ICS  to  lose  cancellation  on  the  trans¬ 
mitter  signal  in  its  attempt  to  cancel  the  pilot,  since  the 
transmitter  and  pilot  signals  then  would  not  follow  identical 
paths  from  the  SFR’s  transmitter  to  the  IP  ICS  input. 
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H.  REPEATER  LINEARITY 


The  test  setup  used  for  forward  gain  measurement  was 
also  used  to  demonstrate  the  repeater  linearity.  A  second  tone 
was  combined  with  the  test  used  to  measure  forward  gain,  separ¬ 
ated  from  it  by  25  kHz  and  6  dB  below  it.  The  same  forward  gain 
performance  was  found  as  for  -he  single  input  case,  and  the  two 
output  tones  were  retransmitted  with  the  same  6  dB  ratio.  In- 
band  third  order  intermodulation  products  between  the  two  tones 
were  in  excess  of  30  dB  below  the  lower  level  tone, 

5.  SUMMARY  OF  EXPERIMENTAL  RESULTS 

The  experiments  described  above  have  demonstrated  the 
operating  principles  on  which  the  SFR  design  is  predicated. 

They  also  have  uncovered  some' problems  in  the  breadboard  imple¬ 
mentation  which  need  to  be  corrected  for  the  SFR  to  operate  as 
designed.  These  problem  areas  are:  bandwidth  limitations  in 
the  IF  notch  filter  ICS  which  prevent  its  effective  performance 
with  the  100  kHz  repeater  bandwidth;  stray  coupling  of  the  IF 
transmitted  signal  into  the  pilot  distribution  network  which 
degrades  the  pilot-directed  cancellation  in  both  the  RF  and  IF 
ICS's;  and  stray  coupling  of  the  pilot  into  the  receiver  through 
a  path  not  shared  by  the  transmitted  signal,  namely  through  the 
LO  distribution  network. 

The  experiments  have  shown,  however,  that  the  SFR  oper- 
atlnsz;  principles  are  valid.  Forward  gain  has  been  measured  to 
be  as  large  as  67  dB;  and  with  modifications  to  the  breadboard, 
forward  gain  in  excess  of  100  dB  appears  to  be  achievable. 
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SECTION  VIII 


RECOMMENDATIONS  FOR  FURTHER  WORK 

The  experiments  on  the  SFR  breadboard  have  uncovered 
areas  in  which  further  work  is  needed.  They  are:  isolation  to 
prevent  coupling  of  the  transmitted  signal  into  the  pilot  dis¬ 
tribution  network,  isolation  to  prevent  coupling  of  the  pilot 
signal  into  the  receiver  IF  via  the  LO  distribution  network, 
and  narrowing  the  notch  filter  bandwidth  in  the  IF  ICS  without 
sacrificing  notch  depth.  Recommended  approaches  for  solving 
these  problems  are  outlined  in  the  subsections  below. 

Following  these  circuit  modifications,  further  laboratory 
tests  should  be  run  to  establish  the  new  performance  levels.  At 
that  point  it  is  recommended  that  field  tests  be  conducted  on  ' 
the  SFR  with  a  real  antenna  in  a  real  terrain  environment. 

1.  ISOLATION  IN  THE  PILOT  DISTRIBUTION  NETWORK 

The  pilot  distribution  network,  contained  in  Box  M*  (see 
Figure  3*0,  consists  of  a  three-way  splitter  and  a  directional 
coupler  which  combines  the  pilot  with  the  IF  transmitter  signal. 

It  is  the  coupling  of  the  IF  transmitted  signal  into  the  ICS 
correlators  through  the  isolated  directions  of  the  directional 
coupler  and  the  three-way  splitter  that  causes  the  problem. 
Additional  isolation  may  be  obtained  by  inserting  an  isolation 
amplifier  between  the  three-way  splitter  and  the  directional 
coupler,  and  by  shielding  this  Isolation  amplifier,  three-way 
splitter,  and  pilot  crystal  filter  from  the  IF  transmitter  signal. 
Filtering  would  not  be  an  effective  means  of  isolation  because 
the  spectra  of  the  transmitter  signal  and  the  pilot  overlap. 

2.  ISOLATION  IN  THE  LO  DISTRIBUTION  NETWORK 

Much  has  already  been  done  in  the  LO  distribution  net¬ 
work  with  filters  and  isolation  amplifiers  (Figure  51)  to  prevent 
the  pilot  from  finding  its  way  through  the  network  and  across 
mixers  into  the  receiver  IF.  The  principle  coupling  paths  are 
now  by  radiation  around  the  isolation  amplifiers  and  filters. 

The  LO  distribution  network  should  be  laid  out  anew  to  incor¬ 
porate  RFI  shielding  that  will  allow  the  isolation  amplifiers 
and  filters  to  be  fully  effective.  In  addition,  higher-isolation 
mixers  should  be  substituted  in  the  breadboard  for  the  ones  pre¬ 
sently  in  use . 

3.  NOTCH  FILTER  IMPROVEMENT 

The  design  of  the  notch  filters  presently  in  use  in 
the  IF  ICS  represents  a  compromise  between  narrow  bandwidth  and 
notch  depth.  As  shown  in  Appendix  A,  for  the  commonly  used  L-C 
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series  resonant  or  shunt  resonant  notches,  this  tradeoff  is  con¬ 
strained  by  the  unloaded  Q  of  the  notch  components.  The  highest 
Q  components  available  were  used  in  these  circuits.  The  improve¬ 
ment  needed  is  a  reduction  in  notch  bandwidth  by  a  factor  of  six 
without  degrading  the  notch  depth.  In  either  of  these  two  con¬ 
figurations,  unloaded  Q’s  of  1000  would  be  required. 

Crystal  notches  have  been  considered,  buL  their  bandwidth 
is  too  narrow.  In  addition,  a  single-pole  crystal  notch  usually 
has  spurious  responses  near  the  notch  center  which  would  distort 
the  spectrum. 

There  are  means  of  using  the  L-C  components  in  circuit 
configurations  that  remove  the  dependence  of  notch  depth  on 
component  C  One  such  approach  is  a  Q-multiplier  circuit  which 
in  effect  presents  a  negative  resistance  to  cancel  out  most  of 
the  component  loss  resistance.  Once  the  negative  resistance  is 
set,  the  notch  depth  then  becomes  dependent  only  on  the  varia¬ 
tions  in  component  Q  (with  environment,  age,  etc.).  However, 
if  the  variations  cause  the  component  Q  to  become  too  large,  the 
circuit  will  oscillate. 

Another  approach  that  trades  the  dependence  on  component 
Q  to  dependence  on  Q  variations  is  illustrated  in  Figure  59.  The 
notch  is  implemented  by  forming  the  difference  between  the  input 
signal  (slightly  attenuated)  and  a  narrow  bandpass  version  of  the 
input  signal.  The  attenuavr  is  adjusted  to  equal  the  center 
frequency  attenuation  of  the  resonator,  so  that  the  center  fre¬ 
quency  transmission  of  the  circuit  is  zero,  equivalent  to  an 
infinite  notch  depth.  Variations  in  the  component  Q  in  the  band¬ 
pass  resonator  will  then  degrade  the  notch  depth,  but  the  circuit 
will  not  become  unstable.  This  approach  is  the  one  recommended 
for  improvement  of  the  SFR  breadboard. 

The  differential  amplifiers  used  in  the  notch  filter 
chains  should  be  tuned  at  30  MHz  so  that  low  level  LO  component 
at  261.8  MHz  and  other  spurious  signals  are  rejected  instead  of 
amplified.  This  bandiwdth  is  not  critical,  as  long  as  it  is 
much  greater  than  the  notch  bandwidth. 


*o  c/> 


FIGURE  59 

NOTCH  FILTER  IMPLEMENTATION  WITH  NOTCH  DEPTH 
INDEPENDENT  OF  COMPONENT  Q 


119 


SECTION  IX 


SUMMARY  AND  CONCLUSIONS 


The  concept  of  a  pilot-directed  multichannel  notch 
filter  interference  cancellation  system  (ICS)  has  been  developed 
to  provide  transmitter-to-receiver  isolation  in  a  same-frequency 
repeater  (SFR) .  Laboratory  experiments  have  been  described  which 
verify  the  operating  concept. 

A  detailed  analysis  of  the  performance  of  a  one-channel 
and  a  two-channel  notch  filter  ICS  has  been  performed.  Limita¬ 
tions  on  the  achievable  transmltter-to-receiver  isolation  have 
been  quantified  for  the  effects  of  signal  returns  from  the 
antenna,  returns  from  specular  reflectors,  and  returns  from 
distributed  ground  clutter.  Extrapolation  of  these  results  to 
a  three-channel  notch  filter  ICS  indicates  that  with  a  100  kHz 
bandwidth  at  a  center  frequency  of  300  MHz,  close  to  120  dB  of 
Isolation  is  theoretically  achievable.  The  returns  from  distri¬ 
buted  ground  clutter  appear  to  be  an  irreducible  limitation  for 
a  ground-based  SFR. 

A  breadboard  has  been  designed  with  a  100  kH2  bandwidth 
at  291  MHz,  for  which  forward  gain  up  to  120  dB  can  be  tested. 

It  incorporates  a  pilot-directed  single-channel  ICS 
at  RP  and  a  pilot-directed  three-channel  notch  filter  ICS  at  IF. 
The  minimum  signal  level  is  -90  dBm,  with  a  dynamic  range  of  60 
dB.  The  signal-to-noise  ratio  in  the  SFR  for  the  minimum  signal 
is  +17  dB  in  a  100  kHz  bandwidth.  The  SFR  output  power  is  1  watt 
PEP. 


Methods  for  implementing  a  highly  linear  complex  weight 
circuit  for  use  in  the  ICS  have  been  investigated.  A  complex 
weight  circuit  has  been  developed  which  will  keep  in-band  dis¬ 
tortion  products  generated  in  the  weight  at  least  20  dB  below 
the  minimum  level  signal  to  be  relayed. 

Experiments  with  the  SFR  breadboard  have  demonstrated 
the  following  principles  of  operation  on  which  the  design  concept 
is  based: 

1)  Pilot  direction  of  an  ICS  is  valid. 

2)  An  IF  ICS  can  further  improve  the  cancellation  of  an  RF  ICS. 

3)  A  multichannel  notch  filter  ICS  can  be  used  to  improve  broad 
band  cancellation  performance. 

*0  The  ICS  is  applicable  to  an  SFR  to  get  forward  gain. 

5)  The  SFR  is  linear  and  can  be  used  as  a  multichannel  relay. 
The  SFR  experiments  also  have  demonstrated  the  performance  limi¬ 
tations  in  the  present  breadboard,  pointing  out  areas  where 
improvements  are  required  and  critical  design  points  for  future 
SFR  designs. 
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The  experimental  results  indicate  that  special  care  must 
be  taken  to  prevent  strong  signals  in  the  SFR  transmitter  circuits 
from  leaking  Into  the. SFR  receiver’s  circuits.  Specifically, 
the  pilot  reference  to  the  ICS  correlators  must  be  clear 
of  transmitted  signal  components  or  ICS  performance  will  suffer. 

In  addition,  the  pilot  added  in  the  transmitter  must  be  prevented 
from  coupling  into  the  receiver  by  any  path  not  shared  by  the 
transmitted  signal,  or  operation  of  the  ICS's  by  pilot  direction 
will  not  optimize  transmitted  signal  cancellation. 

The  multichannel  notch  filter  ICS  has  been  shown  to  be 
a  powerful  tool  for  obtaining  broadband  cancellation  performance, 
but  the  design- or  the  notch  filters  Is  closely  dictated  by  the 
bandwidth  of  the  signal  (or  pilot)  to  be  cancelled.  The  design 
used  in  the  breadboard  worked  well  with  a  600  kHz  bandwidth,  but 
provided  no  improvement  for  the  100  kHz  bandwidth  in  the  SFR 
breadboard . 

Without  stray  coupling  problems,  the  SFR  breadboard  was 
shown  to  attain  forward  gains  up  to  67  dB.  Had  the  notch  filter 
ICS  worked  with  100  kHz  bandwidth  as  it  did  with  600  kHz  band¬ 
width,  a  minimum  of  35  dB  more  isolation  would  have  been  achieved, 
allowing  a  forward  gain  in  excess  of  102  dB, 


The  modifications  to  the  breadboard  in  the  areas  of  notch 
filter  design  and  elimination  of  stray  coupling  paths  that  are 
needed  to  attain  this  level  of  forward  gain  have  been  outlined. 


Further  performance  refinements  may 
forward  gain  capability  to  120  dB. 


then  be  possible  tc  push  the 
The  SFR  breadboard  should 


then  be  field  tested,  where  natural  reflecting  terrain  will  pro¬ 


vide  a  far  more  realistic  performance  test  than  can  be  accom¬ 


plished  In  the  laboratory. 


APPENDIX  A 


L-C  NOTCH  FILTER  ANALYSIS 


1.  INTRODUCTION 

In  this  appendix  two  commonly  used  notch  filter  confi¬ 
gurations  are  analyzed  to  determine  the  trade-off  between  the 
depth  of  the  notch  and  its  bandwidth.  The  two  configurations, 
a  resonant  circuit  in  series  with  the  load  and  a  resonant  cir¬ 
cuit  shunting  the  load,  are  shown  in  Figure  60.  The  analysis 
is  conducted  with  a  general  source  resistance  and  load  resistance, 
so  that  the  results  can  be  used  whether  impedances  are  matched 
or  not . 


2.  RESONANT  CIRCUIT  IN  SERIES  WITH  LOAD 


From  the  circuit  in  Figure  60A,  it  may  be  seen  that  the 
loaded  Q  of  the  tank  circuit  is  given  by 


QL  * 


r||(rs+rl)  r(rs+rl) 


woL 


u^L(R+Rs+Rl) 


while  the  unloaded  Q  is  given  by 
Qjj*  R/u)qL 

Thus,  we  have 

Ql/Qu  -  <rs+rl)/(r+rs+rl) 


(146) 


(147) 


(148) 


The  voltage  attenuation  factor  in  the  center  of  the 
notch,  normalized  to  the  out-of-band  attenuation  factor,  is 
given  by 


a 


rl/(r+rs+rl)  rs+rl 


ri/(Vrl> 


r+Vrl 


Thus,  for  (148)  and  (149)  we  have 
a  *  Q^Qu 


(149) 


(150) 


3.  RESONANT  CIRCUIT  SHUNTING  THE  LOAD 

From  the  circuit  in  Figure  60B,  it  may  be  seen  that  the 
loaded  Q  of  the  tank  circuit  is  given  by 


Qt 


w0L 


r+R« 


iRt 


r(Rs+RL^+RSRL 


(151) 


»  122 


* 


[. 


SOURCE 


EQUIVALENT  INDUCTOR 
SHUNT  RESISTANCE 
SOURCE  R 


RESONANT  NOTCH  IN  SERIES  WITH  LOAD 


SOURCE 


SOURCE 

RESISTANCE 


EQUIVALENT 

INDUCTOR 

SERIES 

RESISTANCE 


FIGURE  60B 

RESONANT  NOTCH  SHUNTING  THE  LOAD 


LOAD 

L  RESISTANCE 


LOAD 

L  RESISTANCE 


123 


(152) 


while  its  unloaded  Q  is  given  by 
Qy  =  w0L/r 

Thus,  we  have 

r(Rs+RL) 

QL/QU  =  r(Rs+RL)+RsR^ 


(.153) 


The  voltage  attenuation  factor  in  the  center  of  the 


notch,  normalized  to  the  out-of-band 

attenuation  factor. 

is 

given  by 

o  * 

(RLllr)/(Rs+RL!|r) 

r  (Rg+Rjj) 

(15*0 

Ri/(W 

rrvSLTfRsBL 

Thus,  for 

(153) 

and  (15*0  we  have 

a  = 

V9u 

(155) 

4.  CONCLUSIONS 


Both  the  series  and  shunt  resonant  notch  filter  confi¬ 
gurations  have  the  sane  trade-off  between  notch  bandwidth  and 
notch  depth.  If  Bfj  is  the  3  dB  bandwidth  of  the  notch  and  fo 
is  its  center  frequency,  we  can  write 

«L  *  VBN  C156) 

The  trade-off  in  Equations  (150)  and  (155)  nay  then  be  written  as 

aBN  =  VQU  (157) 

This  result  shows  that  the  product  aB^  i3  a  constant  which  is 
independent  of  the  source  and  load  resistance. 


ACRONYMS  AND  PRINCIPAL  SYMBOLS 


a  *  magnitude  of  the  signal  returned  from  a  particular 

reflector  relative  to  the  transmitted  signal  strength 

B  "  repeater  bandv/idth 

®an'  “  two-sided  3  dB  bandwidth  of  the  SFR  antenna 

B^  ■  two-sided  3  dB  notch  filter  band\.  Vdth 

BPP  ■  bandpass  filter 

Cj  =  coefficient  of  the  i-th  term  in  the  power  series 

expansion  of  H~(f) 

v 

O 

c  =  free  space  propagation  velocity  ■=  3x10  meters/second 

D.U.T.  =  device  under  test 

Fp  ■  ^AC/DC  *  PIN  diode  distortion  factor 

FRCVR  *  numerical  value  of  the  receiver  noise  figure 

F,  =  numerical  value  of  the  noise  figure  of  the  first  gain 

stage  :1n  the  receiver  with  the  preceding  losses 
included . 

FI  »  numerical  value  of  the  noise  figure  of  the  first  gain 

stage  in  the  receiver  without  Including  the  preceding 
losses 

F2  “  numerical  value  of  the  noise  figure  of  the  second 

gain  stage  in  the  receiver 

Fo  «  numerical  value  of  the  noise  figure  of  the  third  gain 

J  stage  in  the  receiver. 

fQ  *=  RF  carrier  frequency 

G  *  numerical  value  of  the  SFR  antenna  gain  in  the  direc¬ 

tion  of  a  particular  reflector 

G.  «*  gain  constant  of  the  i-th  feedback  control  loop  in 

1  the  ICS 


g,  *  numerical  value  of  the  gain  of  the  first  gain  stage 

x  in  the  receiver 
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GLOSSARY  [continued] 


*2 


numerical  value  of  the  gain  of  the  second  gain  stage 
in  the  receiver 


Hc(w),Hc(f)  «*  equivalent  lowpass  transfer  function  of  transmitter- 
to-receiver  coupling  channel 

H^(w),H^(f)  *  equivalent  lowpass  transmitter-to-receiver  transfer 
function  presented  by  the  N-channel  ICS 

Hqn ( f )  -  H^,(f)+H»j(f)  =  equivalent  lowpass  composite  transmitter- 

"il  to-receiver  transfer  function  resulting  from  the  com¬ 

bined  effects  of  the  coupling  channel  and  the  N-channel 
ICS 

h. M  =  coefficient  of  the  i-th  term  of  the  power  series  expan¬ 

sion  of  HQN(f) 

IA£  =  RF  current  in  PIN  diode 

IDc  =  DC  bias  current  in  PIN  diode 

ICS  =  interference  cancellation  system 

K,  =  constant  relating  PIN  diode  resistance  RQ  to  its  bias 

current ,  oDC 

L  -  inductance  in  the  resonant  circuit  antenna  model 

LRtj  *  numerical  value  of  RF  losses  preceding  first  gain 

tU'  stage  in  SFR  receiver 

MX-200  *  model  number  of  General  Atronics  two-channel  VHP  ICS 


N  *  number  of  channels  in  an  ICS 

Ni(a>)JNi(f)  *  filter  transfer  function  in  the  i-th  ICS  channel 
Nq  ■  -17^  dBm/Hz  =  thermal  noise  spectral  density 

Pq  >=  output  power  of  SFR  transmitter 

R  *  transmitter  output  resistance 

Rd  =  RF  resistance  of  PIN  diode 

(R/T)m  »  transmitter-to-receiver  isolation  provided  by  an 
N  N-channel  ICS 

r  *  one-way  propagation  distance  to  a  particular  reflector 

Smin  “  minimum  received  signal  power  for  SFR  activation 
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GLOSSARY  [continued] 
SR(w) 


S)p(to ) 

SFR 


SNR, 


min 


W< 


XTAL  BPF 

Zin 

a 

Y 

A 

X 

p(w) 

a 

°0 

X 

Tmin 


♦ 

w, 


=  Fourier  transform  of  the  ICS  output  waveform  to  the 
SFR  receiver 

=  Fourier  transform  of  the  SFR  transmitter  output 

■  same-frequency  repeater 

=  signal-to-noise  ratio  in  SFR  receiver  for  minimum 
level  received  signal 

■  value  of  complex  weight  in  the  1-th  ICS  channel 

*  capacitive  reactance  of  antenna  input  Impedance 
=  inductive  reactance  of  antenna  input  impedance 
=  crystal  bandpass  filter 

=  antenna  input  Impedance 

=  numerical  value  of  the  center  frequency  depth  of 
a  notch  filter 

-  b/bn 

*  ( fa *■>*“•* Y )/Y 

*  carrier  wavelength 

=  antenna  reflection  coefficient 
“  radar  cross-section  of  a  particular  reflector 

*  area  reflectivity  of  ground  clutter 

*  propagation  delay  to  a  particular  reflector 

a  propagation  delay  corresponding  to  the  nearest  reflector 

**  phase  shift  of  the  signal  returned  from  a  particular 
reflector 

■  azimuthal  angle  about  the  SFR  antenna 

■  2iTf q  “  carrier  frequency  in  radians/second 
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